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Preface 


This  AGARDograph  addresses  potential  hazards  associated  with  present  and  future  solid  propellants  and  their  use  in  rocket 
motors.  The  subject  was  recently  introduced  into  the  Propulsion  and  Energetics  Panel  through  an  AGARD  Technical 
Specialists’  Meeting  “Hazard  Studies  on  Solid  Propellant  Rocket  Motors"  held  in  Lisse,  Netherlands,  in  May  1984.  Following 
this  meeting,  representatives  from  NATO  nations  joined  together  to  provide  this  written  report  summarizing  those  areas  that 
are  critical  for  the  safety  and  suitability  for  present  and  future  solid  propellant  rocket  motors. 

This  AGARDograph  is  written  for  munition  users,  designers,  and  scientists  and  engineers  involved  in  research  and 
development  associated  with  energetic  munitions.  The  munition  users  will  derive  an  appreciation  for  the  complexities  of 
designing  safe  and  suitable  munitions  and  the  necessity  for  making  tradeoffs  between  safety  and  perlormance.  The  designer  will 
find  rational  approaches  for  assessing  potential  hazards  and  improved  design  tools  based  on  recent  results  from  studies  of 
energetic  material  behavior.  The  research  engineer  studying  reaction  phenomena  associated  with  energetic  materials  will 
recognize  deficiencies  in  the  fundamental  understanding  of  energetic  material  behavior  and  new  areas  for  research  studies. 

Final  answers  for  resolving  this  problem  of  hazards  associated  with  solid  propellant  rocket  motors  will  not  be  found  in  this 
AGARDograph.  Indeed,  in  some  areas,  considerable  work  is  still  needed  to  allow  rational  design  approaches.  As  new  energetic 
materials  arc  introduced  into  solid  propellant  formulations  to  achieve  improved  rocket  motor  characteristics,  existing  design 
approaches  should  be  challenged  and  new  research  needs  to  be  placed  on  the  scientist  and  engineer.  When  these  new  challenges 
arise,  this  AGARDograph  should  provide  the  basis  for  new  and  meaningful  research  and  development  studies.  In  this  light, 
results  reported  in  this  AGARDograph  represent  the  state  of  technology  as  of  January  1989. 


Preface 


Cette  AGARDographie  etudie  les  risquos  potentiels  associes  aux  propergols  solides  uctucls  ct  futurs  <:t  ii  leur  mise  on  oeuvre 
dans  les  moteurs-fusees.  Lc  sujet  a  etc-  presente  an  Panel  AGARD  de  Ptopulsion  et  d’Energetiquc  lors  d'unc  reunion  de 
specialties  de  I’AGARD  sur  “l  es  etudes  de  risque  pour  les  moteurs-fusee  a  propergol  solide"  tenue  a  Lisse,  aux  Pays-Bas  en 
mai  1981.  Suite  a  eettc  reunion,  des  representanls  des  pays  membres  de  I'OTAN  se  sont  associes  pour  rediger  ce  rapport,  qui 
rnet  en  relief  les  domaines  d'interet  qui  sont  critiques  pour  la  securite-  et  ('adequation  des  moteurs-fusees  a  propergols  solides 
aetuels  et  futurs. 

Cette  AGARDographie  est  destines-  aux  concepteurs  et  aux  utilisateurs  de  munitions,  ainsi  qu'aux  scientifiques  et  aux 
ingenieurs  impliques  dans  la  recherche  et  K:  developpemcnt  des  munitions  energetiques.  I.’utilisateur  tirera  unc  appreciation 
lies  eoinplexivs  de  la  conception  de  munitions  sure-set  adequates  ainsi  quedela  necessite  detrouver  le  juste  cquilibre  outre  les 
performances  el  la  securite  I  a  coneopleur  y  trouvera  des  methodes  eoherentes  pour  revaluation  des  risquos  potentiels.  ainsi 
quo  de  nouvcilex  aides  a  la  conception  issues  de  eertaines  etudes  recentes  sur  le  comporiement  des  materiaux  energetiques. 
L’ingenieur-ehercheur  qui  etudie  les  phenomeues  de  reaction  associes  aux  materiaux  energetiques  relevera  des  I  nclines  dans  les 
connuissanecs  de  base  du  eomportcinctU  des  materiaux  energetiques  qui  Ini  permettront  d’identifier  de  nouveaux  domaines  de 
recherche 

Cette  AGARDographie  tie  pretend  pas  I  uirrur  les  solutions  definitives  au  prohlcme  des  risquos  asscoiesaux  moteurs-fusees  a 
ptopergi'is  ol, des.  F.n  eft  -t,  dans  eer'ains  domaines,  des  efforts  considerables  restent  ii  lournir  pour  pcrmetlre  k 
i ,  ■■  eloppemenl  -le  mrlhoilc-  logii|ees  de  conception.  Les  methodes  de  conception  existantes  doivent  etre  eonfrontees  aux 
ru.i.aux  m  ite-i;mx  energetiques  rent  rant  dans  les  lomiules  des  propergols  solides  afin  d'ameliorer  les  earaeteristiques  des 
rno'  urs-tusce  u  de  nouveaux  projets  if:  recherche  doivent  etre  confies  aux  scientifiques  et  aux  ingenieurs.  Cette 
.\GAi?l)ogr;.ol:ie  devran  fourrir  les  elements  de  base  pour  le  laneement  ile  nouvelles  etudes  signifientives  de  recherche  et 
ile.eioppcrner.t  a'i  lur  et  ii  mesuie  de  revolution  ileees  nouveaux  defis. 
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CHAPTER  1.  INTRODUCTION  | 

The  subject  of  munition  safety  is  one  of  continuing  importance  because  erf  the  potential  damage 
capable  of  any  device  highly  loattai  with  energetic  materials  and  the  impossible  task  of  precluding 
their  inadvertent  initiation.  The  subject  of  thjs  report  is  a  subset  of  munition  safety  :  rocket  motors 
containing  solid  propellants.  This  topic  is  not  new.  In  the  past,  AGAhD  addressed  double-base  solid 
propellants  in  AGARDograph  No.  141-70,  *High  Energy  Propellants.  The  material  in  this  past 
report  is  still  relevant;  however,  sol  id  propellants  have  continued  to  evolve  because  of  new 
performance  requirements.  It  is  significant  that  some  solid  propellant  formulations  in  use  today  are 
almost  identical  to  the  formulations  used  in  accepted  high  energy  explosives.  Accordingly,  past 
incidents  concerning  high  energy  explosives  are  relevant  to  present  and  future  incidents  that  could 
occur  with  modem  solid  propellants. 

As  this  report  was  being  planned  and  written,  NATO  nations  have  directed  increasing  attention  to 
munition  safety.  Indeed,  the  NATO  Conference  for  National  Armament  Directors  (CNAD)  has  noted 
that  the  design  and  acceptance  of  safe  munitions  is  one  of  the  greatest  impediments  to  weapon 
interoperability.  In  this  context,  nations  have  placed  increased  concern  for  the  survivability  of  weapon 
platforms  in  a  combat  environment  and  the  desire  for  “Insensitive  Munitions." 

“——The  report  addresses  several  needs  associated  with  hazards  and  the  design  of  solid  propellant 

rrvlfpt  motors  The  needs  include. 


)  Methods  to  assess  the  potential  hazards  associated  with  current  rocket  motors  ..As  solid 
• -propellants  have  become  more  energetic,  the  hazard  potential  has  also  incteasedr^Jany  of 
the  hazard  tests  that  were  used  2u  years  ago  to  discriminate  beiw££t)  jHjopcUawbrfor  hazard 

prn*»mxal  ary  irmgyr  .. — ~ 


s— -  Sp&i  prppellams  became  more  energetic  in  the  quesi  for  increased  range,  velocity,  and-'1'  . 

.-payload.  Performance  was,  and  continues  to  be,  a  major  consideration.  Safety,  wnjit  " 

*  •'  always  a  consideration,  has  increased  in  importance  to  the  point  where  p^rfoorcrrice/hazanl 
trade-off  ™"‘~“j*rarifim  — pr0p3ram  and  rocket  motor 
...  ■ -drrtgrtbNt  increasingly  need  experimental  and  analytical  methods  that  allow  them  to  assess 
-  '  die  performance  and  hazard  characteristics  early  in  the  design  cycle. 

'  3)  Interoperability  within  NATO.  As' each  country  within  NATO  makes  these  performance 

jbtiSard  assessments  ami  trade -offfijjierc  needs  to  be  some  commonality  within  NATO  to 
"1  -  ensure  inirmpernbflfty'  The  SATO  group  AC/310  on  Safety  and  Suitability  of  Munitions  is 
addressing  this  need  as  will  be  discussed  in  Chapter  7. 

.—  a  \  ,  , 

- -1  *  Methods  of  assessing,  and  increased  insurance  uf  a  launch  plaifuims  survivability,  /WT- 

->«pons  become  more  powerful  and  more  sophisticated,  it  becomes  imperative  that  tte 
."1  ^-''■"launch  platform,  whether  it  be  a  ship  or  an  aircraft  or  a  tank,  be  able  to  survive  not  oKfy 
_  -  threwKiucdp  the  enemy  but  also  self-induced  threats 

/\  — 

9  )  BtanutJn  the  IJmemmuc  Munitions"  muat  programs  iajraaLcainBtei.  w&Me  is  it 

—  -easy  to  declare  the  desire  for  "Insensitive  Munitions,”  it  is  much  more  difficult  to  riffow— — 

such  items,  and  involves  consideration  of  the  needs  mentioned  above.  ' 

To  illustrate  and  highlight  a  portion  of  these  needs  one  only  has  to  consider  energetic  mu  tenuis  and 
the  devastation  that  they  can  cause.  The  energetic  materials  in  modem  munitions  are  sensitive  to  heat 
and  shock.  Inadvertent  stin-uli  of  sufficient  levels  to  initiate  reactions  in  the  energetic  materials  can 
result  in  violent  reactions  which  pose  extreme  hazards  to  personnel  and  material. 

March  12.  1907.  Aboard  ship  lena  in  drvdcck.  France.  Accidental  ignition  of  gun  propellants  in 
die  ammunition  magazine.  Fire,  explosions,  1 17  killed,  33  injured. 

September  25.1911.  Aboard  ship  Liberie  in  Toulon  Bay,  France.  A  ccidental  ignition  of  gun 
propellants  in  the  ammunition  magazine.  Fire,  explosions.  Liberie  is  lost,  226  killed,  160  injured. 

December  12.  1917.  Halifax.  Nova  Scoria.  Canada.  A  collision  between  a  Belgian  boat  and  a 
French  cargo  ship  loaded  with  ammunition,  at  the  entrance  of  the  harbor,  caused  the  rupture  of 
gasoline  drums  which  caught  fire.  While  the  crew  was  fighting  the  fire,  another  boat  approached  the 
area  Seeing  that  the  fire  was  getting  out  of  control,  the  crew  left  the  boat  17  minutes  later  a 
dreadful  explosion  occurred  that  razed  the  town  of  Richmond  killing  5, (XX)  people  and  injuring 
10,000.  Even  some  Indians  who  wren  6  miles  away  were  killed  (Biassum,  1985). 

July  10.  1926.  Naval  Ammunition  Decor,  lake  Denmark.  New  Jersey.  United  Stales,  Lightning 
struck  a  magazine  containing  670,000  pounds  (303,912  kg)  of  explosives.  Reactions  spread  A  totai 
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of  3,2  million  potmds  (1.45  million  kg)  detonated.  Twenty  one  individuals  died  and  52  were  injured. 
Loss  of  life  would  have  been  worse  except  that  the  workdav  had  ended  at  noon.  The  Navy  and 
adjacent  Army  facility  suffered  an  approximate  $75  million  loss,  as  well  as  significant  mobilization 
potential  (Roylancc,  1981). 

July  17.  1944.  Port  Chicago.  California.  United  States.  Three  explosions  of  approximately 
10,000  tons  of  munitions  resulted  in  320  dead  and  390  injured,  and  caused  major  damage  within  a 
1  mile  radius  and  minor  damage  as  far  as  25  miles  away. 

Novemher  24.  1944.  USS  Princeton.  The  carrier  received  a  single  Japanese  250  kg  bomb.  Fire, 
explosions,  destroyed  the  ship. 

January  4.  1947.  United  Slates.  A  bomb  was  dropped  during  handling  in  the  magazine.  The 
explosion  was  transmitted  to  the  70  tons  of  bombs  in  the  magazine.  10  killed.  The  igloo-shaped 
magazine  was  destroyed. 

Ttilv  1  5.  1949.  Priim.  F.ifel.  Burning,  on  top  of  a  hill  (Kalvarienberg),  by  unknow  n  reasons,  of  a 
storage  containing  about  500  tof  TNT-filled  ammunition  transited  to  a  disastrous  explosion  after  1- 
1/2  hours.  Shortly  thereafter  it  was  followed  by  a  second  explosion.  The  top  of  the  hill  {about 
250.000  m3)  was  blown  away,  down  to  the  city  of  Priim,  covering  it  with  debris  and  trees.  Due  to 
prior  evacuation  only  12  were  killed  and  60  injured.  76  houses  were  totally  damaged  and  161 
seriously  (Local  report,  1949). 

1950.  Roval  Naval  Ammunition  Depot  li.K  Explosion  -  36000  kg  equivalent  of  HE  --  Stores 
destroyed. 

May  22.  1957.  New  Mexico.  United  Slates.  Accidental  dropping  of  a  nuclear  weapon  from  a 
plane.  The  chemical  explosive  detonated  on  impact  (International  Herald  Tribune  1986). 

March  4.  1960.  Cuba.  Explosion  of  ship  containing  76  tons  of  weapons  ammunitions,  probably 
due  to  the  dropping  of  case  of  grenades.  More  than  100  killed. 

June  2.  1966.  Muidcn.  Netherlands.  2400  kg  of  TNT  exploded  in  a  melting  shop  at  Muiden 
(Dutch  explosives  factory  KNSF).  Substantial  material  damage.  No  serious  personal  injuries. 
Overheating  of  the  melting  vessel  by  steam  and  impurities  in  the  TNT  turned  out  to  be  the  cause  of  this 
explosion  (Groothuizen  ct  al,  1970. 

October  1966.  USS  Oriskanv,  Fire  -  44  killed.  156  injured.  3  aircraft  destroyed.  S15.6  M 
estimated  cost. 

June  12.  1967.  Utrecht.  Netherlands.  Explosion  of  a  ship  loaded  with  1  .,000  kg  Of  ammunition, 
great  damage  to  surrounding  industrial  area.  2  people  killed.  200  people  wounded.  The  ammunition 
was  obsolete  and  prepared  for  dumping.  During  the  handling  of  pyrotechnic  ammunition  one  of  the 
items  must  have  activated.  As  the  ship  was  loaded  with  all  types  of  ammunition,  deflagration  from  the 
pyrotechnic  munition  grew'  to  a  detonation  of  the  high  explosive  munition  also  present  (Prins  Maurits 
Laboratory,  1967). 

29  July  1967.  USS  Forrestal.  Accidental  explosion  of  locket  which  sets  fire  to  the  fuel  lank.  The 
fire  propagates  to  the  aircraft  ammunitions.  134  killed.  162  injured,  21  aircraft  destroyed,  43  aircraft 
damaged.  $172  M  estimated  cost. 


January  14,  1969.  USS  Enterprise.  Fire  -  28  killed,  343  injured,  15  aircraft  destroyed, 

17  aircraft  damaged.  $57  M  estimated  cost. 

April  1969.  Danaug.  Viet  Nam.  Fir:,  explosions  with  propagation  to  ammunitions  magazine. 

June  22.  1969.  Hannover.  Linden.  Federal  Republic  of  Gerrianv.  Blocked  brakes  on  a  running 
railroad  car  wheel  produced  a  temperature  increase  up  to  more  than  750JC.  Showers  of  sparks  caused 
smouldering  of  die  nulrotd  car,  As  the  train  stopped  for  fire  fighting,  175-mm-grenades  filled  with 
Composition  B,  but  without  detonator  exploded  probably  in  low  older.  8  firemen  and  4  railroad 
employees  killed  and  40  people  had  been  injured.  Indications  of  a  L.VD  are  bent  and  deformed  axles 
and  wheels  and  unusually  large  debris  of  the  gw^es  (Public  Attorney's  report). 

May  24.  1973.  Roseville.  California.  United  States.  Explosion  over  a  32  hour  period  of  an 
ammunition  train,  18  freight  cars  of  which  were  carrying  Mk  82  bombs,  each  loaded  with  500  lbs  of 
high  explosives.  The  initial  cause  of  ignition  was  ignition  of  a  wooden  floor  impregnated  with 
sodium  nitrate.  The  train  was  destroyed  and  also  140  meters  of  train  tracks  were  lost. 
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May  28,  197.5.  Belgium.  Explosion  of  a  bomb  during  loading  of  a  wagon.  The  Hie  propagates  to 
a  wagon  filled  with  TNT  located  40  meters  away.  13  injured.  Many  wagons  are  destroyed. 

August  7.  1978.  Herlong.  California.  United  Stales.  Detonation  of  a  bomb  loaded  with  a  high 
explosive  is  transmitted  to  8  others.  These  bombs  were  stored  between  the  igloo  shaped  magazines 
of  the  storage  area.  A  nearby  igloo  was  crushed,  and  its  munitions  were  damaged  without  reaction. 

May  26.  1981 .  IJSS  Nimitz.  A  crash  during  landing  of  an  aircraft  was  followed  by  explosions. 
(Note:  One  of  the  explosions  was  a  delayed  detonation  of  a  Sparrow  warhead.)  Fire  -  14  killed, 

48  injured,  3  aircraft  destroyed,  9  aircraft  damaged.  $150  M  estimated  cost. 

August  18.  1981 .  Zimhawbe.  Explosion  of  an  ammunition  magazine.  Probably  due  to  ihe 
explosion  of  a  gas  bottle.  Destruction  of  hundreds  of  tons  of  ammunition. 

May  13.  1984.  USSR.  Seri»s  of  fires  and  explosions  at  Severomorsk  Naval  Base.  The  fire 
lasted  several  days. 

January  1  1 ,  1985.  Waldheide.  Heilbronn.  Federal  Republic  of  Germany.  While  lifting  a  Pershing 
II  motor  from  its  shipping  container,  in  January  1985,  electrostatic  discharge  caused  inadvertent 
ignition  of  the  motor.  The  cold  dry  day  contributes,  to  this  event.  3  people  were  killed  and  9  injured 
T  he  accident  may  have  been  due  to  the  high  sensitivity  to  electrostatic  discharge  of  the  cold 
propellants. 

August  4.  1985.  United  States.  During  a  road  transportation  of  !0  bombs  loaded  with  500  kg  of 
T  NT,  collision  occurred,  fire,  detonation,  very  large  craters.  Temporary  evacuation  of  6000  people. 

December  27.  1987,  Brigham  City.  Utah.  United  States.  While  pulling  the  casting  mandrel  from 
an  MX  (solid  propellant  rocket  motor) ,  the  propellant  ignited  killing  5  people  and  destroying  the 
facility.  The  accident  was  attributed  to  electrostatic  discharge  and  friction. 

May  4,  1988  Henderson.  Nevada.  United  States.  More  than  8  million  pounds  of  ammonium 
perchlorate  (AP,  a  key  ingredient  in  modem  solid  propellants)  burned  and  detonated  killing  two 
people  and  injuring  more  than  350  local  residents,  and  causing  damage  estimated  to  exceed 
$73  million  (CitEN,  1988). 

In  addition  to  such  incidents,  many  of  which  occurred  during  normal  peacetime  operations,  threats 
to  munitions  are  even  greater  in  battle  conditions  where  enemy  fire  threatens  them  with  thermal  and 
shock  stimuli  of  fire  and  bullets  and  the  blast  and  fragment  products  of  detonations.  The  loss  of 
ships,  tanks,  and  aircrafts  tn  battle  is  often  due  to  the  secondary  reactions  of  their  own  munitions 
following  initiation  by  enemy  fire. 

While  die  reader  can  appreciate  the  needs  listed  earlier,  each  will  view  them  from  a  slightly 
different  perspective.  The  needs  and  perspectives  vary  depending  on  whether  one  is  a  user,  a  buyer,  a 
dcs  eloper  of  munitions,  or  a  technical  specialist.  The  user  and  buyer  discuss  the  safety  of  a  whole 
round  such  as  bombs,  rockets,  guns,  etc.  over  the  entire  life  cycle.  The  system  designer  amongst 
other  design  considerations  must  worry  about  the  hazard  technical  areas  such  as  sympathetic 
detonation,  cook-off,  bullet  and  fragment  impact,  response  to  shaped  charge  jets,  and  response  to 
electrostatic  discharge  as  derived  from  die  safety  requirements.  The  scientisi/technologist  tends  to 
think  along  lines  of  mechanistic  understanding  of  shock- to-detonation  transition  (SDT).  deflagrauon- 
to-delonation  tiansidon  (DDT),  terminal  ballistics,  penetration  mechanics,  ignition  and  combustion, 
breakdown  voltages,  etc.  Obviously  all  of  these  people  have  a  piece  of  the  puzzle,  with  linkages 
between  these  pieces,  This  has  been  illustrated  in  Fig.  1  as  a  three-dimensional  matrix.  Shown  are 
some  of  the  items  mentioned  above.  The  various  boxes  within  the  matrix  involve  the  concerns  of  the 
munition  user/buyer,  the  munition  designer,  and  the  scientist/technologist.  For  example,  the  munition 
user  wants  a  missile  having  a  motor,  warhead,  etc.,  and  he  wants  it  to  be  insensitive  to  sympathetic 
detonation,  fragment/bullet  impact,  etc.  The  designer,  because  he  will  be  queried  by  the  buyer/user,  is 
concerned  how  his  components  and  subcomponents  will  respond.  For  example  he  may  be  concerned 
with  how  die  motor  case,  liner,  and  propellant  will  react  to  various  frajpnents  and  bullets,  and  may 
turn  to  the  scientist/technologist  for  help.  As  will  be  shown  later  in  this  book,  the 
scientist/technologist  will  translate  this  concern  for  response  of  die  motor  to  fragmenta/bullets  into 
concerns  such  as  the  response  of  the  propellant  to  mechanical  shock  and  whether  shock  to  detonation 
transition  occurs,  and  the  jx  netration  mechanics  of  the  fragment  on  the  casc/propellam  and  whether 
ignition  and  subsequent  explosion  can  occur. 

The  purpose  of  this  AG  ARDograph  is  to  address  the  various  parts  of  the  matrix  shown  in  Fig.  1 . 
That  is,  it  addresses  the  general  response  of  solid  propellant  rocket  motors  to  sympathetic  detonation, 
cook-off,  bullet  impact,  etc.,  translates  these  system  concents  into  technical/scientific  areas  such  as 
impact  leading  to  shock  to  detonation  transition;  considers  each  technical/scientific  area  in  terms  of 
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mechanisms,  data  requirements,  and  data  usage:  and  describes  mitigating  the  hazards  based  on 
understanding  the  causal  mechanisms.  This  can  be  described  as  the  following  steps: 

For  a  given  system  (existing  or  proposed): 

•  what  can  happen 

•  why  does  it  happen 

•  how  can  it  be  prevented  or  lessened 

The  result  would  be  a  better  system. 


A  A  .1?  A 
•r  <r  c“ 

MUNmON  COMPONENT 


Fig.  1.  Propulsion  Hazards  or  “Insensitive  Munitions”  Programs  Concern  the 
Munition’s  Components,  Hazard  Threats,  and  Technical  Areas. 


The  chapters  that  follow  reflect  this  organization  are  as  follows: 

Chapter  2  -  Description  of  Solid  Propellant  Rocket  Motors 

Chapter  3  -  Overview  of  Solid  Propellant  Rocket  Motor  Hazards  and  Hazard  resting 
Chapter  4  -  Solid  Propellant  Rocket  Motor  Response  to  Threats 
Chapter  5  -  Hazard  Response  Technical  Areas 
Chapter  6  -  Mitigation  of  Responses 

Chapter  7  -  NATO  Standardization  Activities  to  Promote  Munition  Safety 
Chapter  8  Future  Needs 
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CHAPTER  2.  DESCRIPTION  OF  SOLID  PROPELLANT  ROCKET  MOTORS 


2.1.  MISSILE  PROPULSION 

For  the  most  part,  projectiles  require  some  form  of  propulsion  to  accelerate  them  to  the  required 
velocity  and  to  overcome  air  resistance  and  gravity.  In  this  context,  the  term  "missile1'  is  limited  to 
self-propelled  weapons  and  restricted  to  those  which  traverse  the  air.  For  missiles,  the  propulsive 
thrust  is  based  on  Newton  s  Law  of  Action  and  Reaction,  the  reaction  being  provided  by  a  mass  of 
material  which  is  accelerated  backwards  from  the  missile.  In  practice  this  material  is  produced  by 
chemical  reaction,  either  between  a  fuel  carried  with  the  missile  motor  and  surrounding  air  (jet 
propulsion)  or  of  matter  which  has  entirely  been  carried  within  the  missile  (rocket  propulsion).  Jet 
propulsion  is  necessarily  limited  to  travel  in  the  atmosphere  and  therefore  missiles  that  travel  at  high 
altitudes  are  necessarily  rocket-propelled.  The  term  "rocket  motor"  is  applied  to  such  a  propulsion 
unit.  A  missile  may  contain  one  or  more  rocket  motor  stages  as  well  as  warlteads,  guidance  systems, 
and  sensor  systems. 

Rocket  motors  may  be  of  four  distinct  types: 

(1)  Liquid  monopropellanl  motors  in  which  the  liquid  is  injected  into  a  combustion  chamber  where 
it  reacts. 

(2)  Liquid  propellant  motors  in  which  the  two  reacting  liquids  are  injected  separately  into  the 
combustion  chamber  and  react  there.  Such  systems  can  in  general  provide  higher  perfonnance  than 
monopropellanl  motors. 

(3)  Solid  propellant  motors  where  the  propellant  bums  in  situ  within  the  motor  (used  in  most 
missile  applications). 

(4)  Hybrid  propellant  motors  in  which  a  solid  fuel  is  combined  with  a  liquid  oxidizer. 

(5)  Ducted  rocket  motors  that  use  a  fuel-rich  propellant  and  ducted  air  for  a  source  of  oxidizer 

In  all  five  types,  the  reaction  produces  hot  gases  which  are  expelled  from  the  motor  to  produce  the 
thrust. 

This  AGARDograph  is  concerned  only  with  solid  propellant  rocket  motors  and  the  energetic 
materials  used  in  this  type  of  motor.  These  motors  are  designed  to  provide  high  perfonnance  [high- 
ihrust  time  for  a  given  mass  of  propellant  consumed,  high  specific  impulse  (lsp>.  and  associated 
desired  pressure-time  characteristics]  along  with  other  considerations  such  as: 

•  Burning  stability  -  Absence  of  pressure,  thrust  fluctuations 

•  Low  observables  -  laiw  signature  from: 

•  Primary  smoke  -  Primarily  metal  oxide  particles  or  other  solid, liquid  panicles  in  the 

exhaust  plume 

•  Secondary  smoke  -  Contrail  formation  die.  to  water  condensation  (particularly 

aggravated  by  hydrogen  halide  nuclei,  e.g.,  HC1,  HE! 

•  Afterburning  -  Combustion  of  fuel  rich  exhaust  plume  with  the  ambient  air 

•  Visible  radiation 

<  Infrared  radiation 

•  Radar  cross-section 

•  Hazard/safety  -  This  is  the  major  concern  and  the  reason  for  the  AC  >\RDograph. 

•  Producibility/afToidability  -  The  motor  and  any  hazard  mitigation  must  be  capable  of  being 

produced  at  an  affordable  cost. 

•  Reliability  -  Similarly  the  motor  and  any  hazard  mitigation  systems  must  work  reliably 

when  needed. 

2.2.  BRIEF  DESCRIPTION  OF  SOLID  PROPELLANT  ROCKET  MO  TOR  OPERATION 

The  terms  underlined  in  the  following  paragraphs  are  shown  in  Fig.  2  and  included  in  the 
English/French/German  glossary  (see  Table  Section  2.4,  p.  14). 
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Fig.  2.  Typical  Solid  Propellant  Rocket  Motor  (Case  Bonded). 

The  action  of  the  motor  depends  on  the  combustion  of  the  propellant  producing  hot  gases  which 
are  expelled  through  the  rear  end  of  the  motor  to  produce  the  thrust.  The  propellant  grain  is  carefully 
designed  in  combination  with  the  nozzle  to  provide  the  required  thrust  over  the  required  period  of 
operation  for  the  application  required.  Many  rocket  motors  are  single-stage  and  ideally  should  provide 
a  steady  thrust  throughout  the  burning  process,  maintaining  a  steady  pressure  and  temperature  within 
the  pan  arid  local  sonic  flow  through  the  throat  of  the  nozzle:  this  throat  area  must  be  less  than  the  port 
cross-sectional  area  at  all  times.  Ignition  of  the  propellant  is  by  means  of  a  fuse  he  ad  which  is  itself 
initiated  electrically  and  forms  pan  of  an  igniter  system,  the  pressures  and  temperature  within  the 
port  are  both  high  and  the  case  must  be  sufficiently  robust  to  eliminate  the  possibility  of  failure. 

The  propellant  grain  can  be  cartridge  loaded  or  bonded  to  the  case.  For  the  cartridge  loaded  grain, 
where  the  grain  is  manufactured  separate  from  the  motor  case,  the  interface  between  the  propellant 
grain  anti  the  case  is  critical.  It  is  vital  that  the  outer  surface  of  the  propellant  grain  is  not  ignited  as  the 
hot  gases  resulting  would  lead  to  case  damage  and  rapid  failure.  To  prevent  this  a  layer  of  inhibitor 
material  may  be  wrapped  around  and  bonded  to  the  outside  of  the  propellant  grain  before  it  is  inserted 
into  the  cajj  In  the  later  stages  of  combustion,  as  the  propellant  burning  surface  approaches  the  case, 
this  may  become  heated  by  conduction  through  the  diminishing  thickness  of  the  propellant  web.  If  the 
insulating  power  of  the  inhibitor  is  not  sufficient,  a  separate  layer  of  insulator  may  be  required  and  this 
will  be  attached  to  the  case  itself.  In  modem  case  bonder  designs  of  rocket  motors  where  the  grain  is 
manufactured  within  the  motor  case,  the  functions  of  inhibitor  and  insulator  can  be  performed  by  a 
single  layer  of  material  or  two  separate  interbonded  layers.  'Ii 's  case  bond  system  must  provide 
bonding  on  all  interfaces  between  the  case  and  propellant  charge.  The  case  bond  system  must  be 
rubbery  in  character  to  withstand  the  stresses  and  deformations  resulting  from  ignition  pressure  surge 
and  acceleration  of  the  motor  on  firing. 

The  purpose  of  the  sealing  disc  is  to  prevent  the  ingress  of  dust  and  moisture  into  the  motor.  This 
disc  is  very  thin  so  that  it  does  not  present  an  obstacle  on  ignition  If  the  propellant  is  a  nitric -ester 
based  composition,  which  slowly  produces  gas  on  storage,  a  vent  plug  may  be  required  as  shown  in 
Fig.  2,  especially  with  large  motors. 

For  some  applications  an  initial  brief  vigorous  boost  of  the  payload  is  requited,  to  be  followed  by 
a  longer  term  sustainer  action  to  overcome  the  effects  of  air  resistance,  etc.  These  requirements  can  be 
met  by  separate  boost  and  sustainer  motors,  or  by  (1)  different  grain  configurations  with  large  surface 
area  in  the  beginning  (star,  wagon  wheel,  etc.),  (2)  two  different  propellants  in  one  motor,  or  (3)  an 
integrated  boost  and  sustain  motor. 

2.3.  DESCRIPTION  OF  COMPONENTS 

2.3.1.  Case.  The  main  function  of  the  motor  case  is  to  contain  the  hoi  expanding  gases  resulting 
from  combustion  of  the  propellant.  The  hoop  stress  on  the  case  is  in  practice  the  critical  factor  and. 
for  tiiis  reason,  all  modem  rocket  motors  are  essentially  cylindrical  in  shape. 

2.31.1.  Metal 

Traditionally  rocket  motor  cases  have  been  made  of  metal.  Seamless  steel  and  aluminum  tubing 
have  been  most  commonly  used.  The  wall  thickness  is  determined  by  the  internal  pressure  developed 
in  the  conduit. 

Aluminum  alloy  has,  in  comparison  with  steel,  a  much  lower  density  which  compensates  for  the 
extra  case  thickness  required  by  the  lesser  tensile  strength,  but  the  much  lower  softening  temperature 


may  constitute  a  problem.  Useful  applications  of  aluminum  alloy  cases  (with  no  ove.  wap  material) 
have  occurred  only  where  adequate  insulation  protection  (usually  heavier  than  for  steel  cases)  has  been 
provided  for  motor  wail  protection. 

2.3. 1.2.  Composite 

The  desire  to  reduce  the  mass  of  cases  has  led  to  the  use  of  composite  case  materials,  on  account 
of  ease  and  comparative  cheapness  of  manufacture  as  well  as  reduced  mass.  The  composite  case 
offers  advantages  when  exposed  to  fuel  fire  and  in  some  bullet  impact  situations  because  the  case 
comes  apart,  allowing  the  propellant  to  bum  rather  than  react  in  an  explosive  manner  due  to  its 
confinement. 

Carbon-fiber  reinforced  plastic  (CFRP),  glass-reinforced  plastics  (GRP),  and  Kevlar,  are 
composite  materials  being  used  extensively  in  development  and  production  rocket  motors. 

2.3. 1. 3.  Hybrid 

Two  specialized  types  of  "hybrid"  case  materials  have  recently  been  developed. 

Cases  consisting  of  multiple  laminated  steel  strips  wound  concentrically  (in  some  cases  helically! 
and  joined  by  means  of  a  suitable  resinous  adhesive  have  given  eiscouraging  results  in  reducing  the 
violence  of  response  of  rocket  motors  in  fuel  fires.  The  resin  used  begins  to  weaken  at  about  200°C 
so  that  when  the  propellant  (protected  by  a  layer  of  insulator/inhibitor)  is  cooked  off,  the  case  is  so 
weak  that  it  simply  delaminates,  although  pieces  may  be  thrown  a  few  meters.  Similar  reductions  in 
violence  of  response  have  been  claimed  for  fragmem/btillet  attack  though  the  effect  here  would  not  tie 
expected  to  be  so  dramatic;  if  time  permits,  delamination  should  develop  around  the  entry  holets)  of 
the  projcctile(s)  and  also  the  exit  holc(s)  if  any  In  other  respects  however,  the  ease  behaves  similarly 
to  a  normal  steel  onr;  there  is  no  significant  difference  in  mass. 

Prospects  for  reducing  significantly  the  mass  of  the  case  while  retaining  the  full  temperature  range 
and  internal  pressure  capability  appear  at  present  to  rest  on  the  use  of  a  two-layer  case,  consisting  of  a 
metal  "inner  tube”  for  adequate  longitudinal  integrity  and  outer  layers  of  overwound  tensioned  high 
strength  fiber  such  as  Kevlar  to  provide  the  necessary  extra  hoop  strength  The  tube  may  be  of  steel 
or  aluminum  alloy;  the  saving  in  mass  may  be  limited  by  the  min.mum  practical  ihickness  of  the  metal 
case  due  to  manufacturing  considerations.  This  system  is  confidently  expected  to  show  reduced 
vulnerability  to  fragment  and  bullet  attack  in  comparison  with  a  single  metal  tube,  since  the  projectile 
cuts  the  fiber  coating,  locally  destroying  its  contribution  to  the  hoop  strength  of  the  tube,  arid  causing 
ready  vcnnng  around  the  area  of  attack,  which  is  also  the  region  where  ignition  of  the  propellant  will 
begin.  Violence  of  response  to  the  fuel  fire  may  also  be  reduced,  by  a  thermite  or  other  pyrotechnic 
"tab”  or  a  thermally  activated  line  charge  can  be"  incorporated  into  the  overwrap  to  cut  the  fibre 
wrapping  and  lead  to  venting  once  the  propellant  is  ignited. 

Additional  data  concerning  mitigation  of  hazards  by  a  case  design  is  found  in  Chapter  6  of  this 
report. 

2.3.2.  Nozzle 

The  nozzle  converts  the  thermal  energy  of  the  reacted  gases  into  propulsive  thrust.  Rocket  motors 
in  general  employ  the  De  Laval  or  convergent-divergent  type  of  nozzle  (as  in  Fig.  2)  through  which 
the  high-pressure  gases  from  the  combustion  chamber  are  expanded  to  create  a  high-velocity  jet  in 
which  the  exhaust  velocity  is  substantially  greater  than  the  sonic  value  attained  at  the  nozzle  throat. 
This  augmentation  of  velocity,  which  is  essential  to  maximize  the  thrust  produced,  is  responsible  for 
the  addition  of  the  divergent  section  of  the  nozzle. 

The  design  of  the  nozzle  is  highly  critical  and  the  material  chosen  has  to  be  highly  resistant  to 
erosion  by  the  hot  high-pressure  propellant  gases,  and  the  longer  the  bum  time,  the  more  resistance  is 
required.  Graphite,  various  steels,  and  molybdenum  have  ail  been  employed,  while  vapor-deposited 
tungsten  on  a  graphite  substrate  and  pyrolytic  graphite  deposited  as  a  shell  on  a  graphite  substrate  have 
been  proposed  for  high-performance  motors. 

2.3.3.  Propellant 

Solid  propellant  rocket  motor  compositions  may  be  grouped  into  three  major  classes:  (1 )  those 
based  on  an  intimate  mixture  of  nitroglycerine  (NG)  and  nitrocellulose  (NC)  (double-base 
propellants);  (2)  those  based  on  a  two-phase  system  of  fucl/oxidizer,  usually  ammonium  perchlorate 
(AP)  and  (usually)  a  hydrocarbon-based  polymeric  fuel  and  often  a  metaJiic  fuel  (e  g.,  aluminum) 
(composite  propellants);  (3)  hybrid  compositions  containing  (e.g.)  AP  and  a  binder  (often  with 
metallic  fuel)  as  well  as  NG  and  NC  (composite -modified  double  base  propellants).  These  propellant 
classes  mav  each  be  subdivided  into  several  types  as  described  in  the  following  subsections. 
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2.3.3. 1.  Nitroglvcerine/Nitrocdlulose  Based  Propellants 

(lJDauhlfidbass 

This  is  the  oldest  type  of  racket  propellant  (apart  from  black  powder)  and  was  originally 
developed  from  gun  propellant  compositions  (cordites),  giving  extruded  double-base  (EDB) 
propellants.  NC,  which  is  a  fibrous  and  bulky  material  it  gelatinized  by  dissolving  it  in  NG,  and  the 
resulting  colloidal  mix  is  extruded  through  a  die.  However,  the  solubility  of  NC  in  NG  is  reduced  by 
increase  in  the  nitrogen  content  of  the  NC,  and  in  addition  the  colloid  may  be  too  hard  for  extrusion. 
This  requires  the  addition  of  plasticizers  such  as  high-molecular  weight  esters  (solventless  cordite)  or 
of  a  volatile  solvent  which  softens  the  cordite  and  has  to  be  removed  after  extrusion  (solvent  cordite). 
A  mixture  of  NG  and  NC  alone  is  too  energetic  and  also  probably  too  sensitive  fear  practical  use.  ITte 
plasticizer  may  also  serve  as  a  coolant,  or  separate  coolants  may  be  used.  In  addition,  nitric  esters 
such  as  nitroglycerine  are  essentially  unstable  and  their  decomposition  is  autocatalytic,  so  that  a 
stabilizer  has  to  be  incorporated  ■  examples  are  carbamite,  and  2-nitrodiphenylamine.  Since  the 
stabilizer  is  used  up  in  carrying  out  its  function,  the  life  of  propellants  containing  nitric  esters  is  finite 
and  diminishes  with  temperature  rise.  In  addition,  if  the  gases  resulting  from  the  propellant/stabiiizer 
reactions  are  not  sufficiently  soluble  in  the  propellant,  cracks  may  develop  in  the  charge,  with 
potentially  disastrous  results  on  firing. 

In  general,  the  burning  rates  (r)  of  propellants  increase  consistently  with  pressure  (p)  ard 
temperature  as  shown  in  Figs.  3  and  4.  A  formula  of  the  type 


r  =  ap 


n 


a.n 


where  a  is  a  constant  and  n  is  an  index  of  value  less  than  unity,  may  be  applicable  over  limited 
pressure  ranges,  although  the  relationship  must  be  determined  experimentally  over  the  temperature  and 
pressure  range  of  the  intended  application.  Certain  lead  salts  added  to  the  composition  act  as  ballistic 
modifiers,  enhancing  the  burning  rate  at  low  pressures  while  not  affecting  it  at  high  pressures;  the 
result  is  that  the  rate  of  buming/pressure  curve  may  have  in  the  intermediate  region  a  pressure  range 
where  the  rate  does  not  alter  significantly  (a  plateau)  (Fig.  3),  or  even  a  regression  (mesa)  (Fig.  4). 
This  generally  occurs  at  pressures  around  5-10  MPa.  Consequently  many  double-base  rocket  motors 
are  designed  to  operate  in  this  pressure  region. 


PRESSURE  MPa 

Fig.  3.  Example  of  Burning  Rates  for  Platonized  CDB  Propellant. 


Many  EDB  compositions  have  been  developed  and  used,  but  the  size  of  propellant  charges  that 
can  be  made  by  the  sulventkss  process  is  limited  by  the  practicalities  of  extrusion.  Although  large 
diameter  presses  may  be  used,  it  is  difficult  to  product  satisfactory  propellants  having  a  cross- 
sectional  area  greater  than  about  40%  of  that  of  the  press  cylinders,  even  using  heated  equipment  to 
reduce  the  viscosity.  Diameters  of  about  300  mm  are  reported  in  the  literature.  On  the  other  hand  if 
solvent  is  employed,  a  drying  time  of  weeks  or  months  may  be  required.  These  difficulties  led  to  the 
development  of  cast  double-base  (CDB)  propellants.  A  mold  (which  may  be  the  rocket  motor  case 
itself,  with  any  necessary  lining)  is  filled  with  granular  casting  powder  and  Hooded  with  casting  liquid 
-  desensitized  and  stabilized  NG.  The  casting  powder  is  basically  NC,  but  also  includes  all  of  the 
other  ingredients  as  mentioned  above;  for  more  energetic  compositions,  sonic  stabilized  NG  is  also 
used  in  the  casting  powder.  The  NC  causes  the  powder  to  swell  up  and  absorb  the  liquid  over  a 
period  of  a  few  days  at  a  "curing”  temperature  of  about  60°C.  Complete  homogeneity  is  not  however 
obtained  in  a  finite  time  and  sections  through  CDB  charges  present  a  characteristic  monied  appearance. 
This  method  is  much  more  suitable  for  making  charges  of  complicated  cross-section  (as  required 
when  a  high  mass  burning  rate  and  hence  a  large  burning  surface  is  called  for)  than  processes  based 
on  extrusion. 
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Fig.  4.  Example  of  Burning  Rates  for  Mesa  Propellant. 


Composite  propellants  contain  solids,  generally  in  the  form  of  powders,  which  are  uniformly 
suspended  in  a  rubber  binder.  They  are  widely  used  because  they  can  be  loaded  into  motors  ranging 
from  small  guided  missiles  to  large  space  boosters.  Moreover,  such  characteristics  as  wide 
temperature  range  mechanical  properties,  thermal  stability  and  aging  characteristics  are  generally 
superior  to  other  classes  of  solid  propellants. 

1  Asphalt 

The  first  slurry  cast  composite  propellants  were  made  in  the  rrud-1940's  from  a  molten  asphalt-oil 
binder,  and  an  oxidizer.  A  propellant  containing  75%  potassium  perchlorate  was  used  in  jet  assisted 
take-off  units  (JATO). 

2.  gob-sulfide  Rubber 

A  liquid  curable  polysulfide  rubber  soon  replaced  the  relatively  weak  asphalt.  These  prepolymer 
were  terminated  in  nwreapto  (SH)  groups.  Mild  oxidizing  agents  were  used  to  convert  these  groups 
to  -S-S  links,  a  pmeess  which  yields  a  rubbery  polysulfide-  Polysulfidr  propellants  were  processed 
under  conditions  similar  to  those  used  for  current  composite  propellants.  These  propellants  were 
widely  used  in  the  1950's  and  1960's,  in  tactical  rockets,  as  well  as  in  sounding  rockels  and  aircraft 
seat  ejectors. 

The  energy  of  these  formulations  suffered  from  the  presence  of  sulfur,  which  decreases  both 
working  fluid  and  enthalpy  release. 

3.  LVlybuiadifiie 

The  next  major  advance  in  composite  propellants  came  with  the  introduction  of  liquid  curable 
polybutadiene  acrylic  acid  copolymers  and  terpolymers  containing  acrylonitrile.  These  binders 
enhanced  processibility  and  mechanical  properties  of  propellants.  Energy  was  also  enhanced  since 
higher  solids  could  be  realized  with  a  binder  that  contributed  to  a  high  yield  of  working  fluid  and 
enthalpy  release.  These  binders  were  soon  exploited  in  the  Minute  Man.  260-inch  boosters,  and  other 
large  rockets. 

These  binders  contained  random  carboxyl  groups  and  were,  therefore,  not  capable  of  giving 
propellants  with  adequate  elongation  at  the  lower  operational  temperatures.  Binders  having  terminal 
carboxyl  and  higher  molecular  weight  were  then  developed  which  gave  propellants  w-ith  improved 
mechanical  properties 

However,  even  these  binders  were  net  free  from  deficiencies,  such  as  relatively  high  viscosities, 
high  curing  temperatures,  and  a  tendency  to  undergo  a  gradual  hardening  (post  curing)  as  the 
propellant  aged.  The  curing  involves  the  reaction  of  the  terminal  carboxyl  of  the  binder  with  the 
epoxy  curative  to  produce  a  chain  extended  hydroxy  ester.  This  reaction  is  slow  and  incomplete, 
requires  an  excess  of  epoxy,  and  long  cure  times  are  needed  (14  days  at  145°F). 
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Some  improvement  in  the  curing  was:  attained  by  replacement  of  the  epoxy  curatives  with  their 
nitrogen  equivalents,  aziridines.  The  curing  reaction  involves  formation  of  the  ami  do  ester, 

HOaCICHjCH  -  CHCEUnCOjH  +  ^^NCORCONC.^* 

I  ! 

/v~v'  O^lCHjCH  -  CHCH2JrC02CH2CH2NHC0RC0NHCHsCH2 

Aziridines,  however,  suffer  from  horrmpolymcrization  and  oxazoline  formation  which  require  them  to 
he  used  in  excess  as  well. 

Many  of  these  problems  were  eliminated  by  the  arrival  of  hydroxyl  terminated  polybutadienes 
(HTPB)  in  the  mid-1960s.  HTPB  propellants  tended  to  display  processing,  curing,  and  mechanical 
properties  which  were  superior  to  CTPB's.  Since  HTPB  was  made  from  butadiene  and  hydrogen 
lieroxide,  it  was  less  costly  than  CTPB's.  These  and  other  properties  have  caused  it  to  become  the 
"workhorse1'  binder  for  solid  propellants.  HTPB  propellants  can  be  mixed  and  cured  at  comparatively 
low  temperatures  because  of  the  efficient)  of  the  curing  reaction,  the  formation  of  polyurethane  links 
The  reaction  with  a  common  curative  (isophorane  diisocyanate  IPDI) 


CHjNCO 


HqCH^CH=CHCH^nOH 


i~-s^V  OiCHjCH  =  CHCH^nOCONHCH2 

A 

POLYURETHANE  H£ 


CH3 

»L  >  3 

hAAhco 


No  catalyst  is  required  unless  plasticizers  are  present. 

While  the  problems  associated  with  HTPB  propellants  are  much  less  formidable  than  with  their 
CTPB  analogues,  the  matter  of  lot-to-lot  variation  in  the  HTPB  (R-45M)  mechanical  properties  is  still 
of  concern.  Lithium  initialed  HTPB  polymers  are  very  likely  purer  and  are  more  reproducible;  they 
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are  also  available  in  higher  molecular  weighs,  which  can  result  in  propellants  having  improved  low- 
temperature  elongation.  These  polymen  are,  however,  more  costly  than  R-45M. 

While  polysulfide  and  polybutadiene  propellants  woe  being  produced,  work  was  being  done  to 
develop  more  energetic  propellants  containing  polyesters,  nitrate  ester  plasticizers,  AP,  and  Al.  These 
gradually  evolved  into  the  modem  cross  linked  double  base  propellants  which  contained  hydroxyl 
terminated  polyethers  and  polyester  binders,  nitrate  esters,  and  HMX  in  addition  to  AP  and  Al. 

Double  base  was  used  at  low  levels  to  enhance  tensile  stress  and  modulus  in  these  highly  plasticized 
propellants.  Nitrate  ester  plasticized  polyether  compositions,  NEPF.,  propellants  were  developed  from 
a  higher  molecular  weight  polyether  (Peg  E-4500).  NEPE  propellants  have  relatively  high  elongations 
(>  200%).  Gradually,  cellulose  acetate  butyrate  has  replaced  the  NC  as  a  cross  which  has  less 
tendency  to  degrade  elongation.  Recently  propellants  containing  tri  and  tetra  functional  polyethers 
high  molecular  weight  (2  21,000  daltons)  have  been  found  to  exhibit  stress  values  over  160  psi  and 
elongations  over  800%.  These  tough  propellants  containing  no  NC  or  CAB  to  degrade  elongation 
may  be  useful  in  “Insensitive  Munitions." 

2. 3. 3.3.  Hybrid  Compositions 

This  term  is  applied  here  to  compositions  sharing  some  of  the  characteristics  of  both  double-base 
and  composite  propellants.  Composite-modified  cast  double-base  (CMCDB)  compositions  have  been 
manufactured  using  the  CDB  process.  They  contain  a  substantial  proportion  of  aluminum  and 
ammonium  perchlorate  in  addition  to  the  normal  CDB  ingredients.  These  additional  ingredients  are 
added  to  the  casting  powder.  For  these  compositions  carbamite  and  2-nitrodiphcnylamine  are  not 
effective  stabilizers  and  resorcinol  is  used  instead.  1  Inlikc  the  CDB  compositions  these  are  not 
platonized  or  mesonized,  nor  are  they  smokeless.  CDB  compositions  containing  nitramine  are 
mentioned  above.  At  least  one  cast  composition  containing  AP,  aluminum  and  nitramine  as  well  as 
CDB  ingredients  is  in  service  use.  Composite  modified  double  base  propellant  arc  made  by  a 
composite  propellant  process. 

Elastomer-modified  cast  double  base  (EMCDB)  propellants  have  been  developed  in  the  UK  to 
reduce  propellant  frangibility,  These  materials  can  incorporate  a  reduced  NC7NG  ratio  which  leads  in 
turn  to  a  reduction  of  observables  in  the  plume.  These  compositions  like  the  CDBs,  may  be  modified 
by  the  addition  of  mtramines 

2.3.4.  Igniter 

The  type  of  igniter  most  commonly  used  w  ith  solid  propellant  motors  having  a  bore  configuration 
is  a  pyrotechnic  device,  the  main  charge  consisting  generally  of  a  heterogeneous  mixture  of  powdered 
metal  (e.g.,  aluminum  or  magnesium)  and  an  oxygen  rich  inorganic  salt  (e.g..  a  metal  perchlorate).  !i 
may  be  in  the  form  of  pellets  or  powder,  tf  the  former,  then  some  powder  is  still  required  to  convey 
the  ignition  to  the  pellets  from  the  initiation  system  -  a  fuschead  (squib)  electrically  initiated  The 
container  nay  be  a  paper  carton  (fur  small  motors)  or  a  perforated  metal  container  with  die  holes 
sealed  with  thin  metal  foil.  The  action  is  to  convey  the  heat  of  reaction  of  the  igniter  composition 
partly  by  convection  of  hot  gases,  partly  by  impact  of  hot  particles  of  solid  or  liquid  metal  oxide  and 
partly  by  radiation,  to  the  propellant  surface.  The  igniter  is  normally  located  at,  or  extending  down  the 
conduit  from  die  head  end  of  the  motor  (Fig.  I)  so  the  efflux  of  gas  front  propellant  ignited  near  that 
end  will  help  to  spread  the  ignition  along  the  motor. 

Although  much  research  has  been  done  in  this  field,  the  ability  of  such  an  igniter  to  perform 
satisfactorily  (igniting  the  whole  exposed  propellant  surface  in  say  15  to  20  ms)  can  in  practice  only  be 
assessed  empirically ;  in  addition,  the  igniter  composition  reaction  products  are  smoky.  With  the 
development  of  larger  motors  the  trial  and  error  approach  became  too  costly  and  this  has  led  to  the 
development  of  the  pyrogen  igniter,  which  consists  essentially  of  a  propellant  charge  with  nozzles, 
i.e.,  in  effect  a  small  rocket  motor  used  to  ignite  the  larger  motor.  The  replacement  of  the  pyrotechnic 
composition,  whose  burning  mechanism  is  not  well  understood,  whose  heat  transfer  mechanism 
involves  two  phases,  and  whose  products  of  combustion  arc  smoky,  by  a  propellant  composition 
whose  mass  burning  rate  can  be  controlled,  whose  combustion  products  may  be  gaseous  only,  and 
also  effectively  smokeless  (if  a  double -base  or  ammonium  nitrate  based  propellant  is  used)  obviously 
improves  the  prospects  of  placing  igniter  design  on  a  more  scientific  basis.  In  the  meantime  pyrogens 
have  been  incorporated  in  a  range  of  large  rocket  motors  and  the  viability  of  the  concept  has  also  been 
demonstrated  for  smaller  motors. 

2.3.5.  Piscimian 

The  development  of  rocket  motors  follows  the  general  pattern  that  (other  things  txing  equal)  the 
greater  the  performance  sought,  the  greater  the  hazard  presented,  but  as  with  all  such  generalizations, 
this  cannot  represent  the  whole  picture,  since  the  "other  things”  in  practice  are  not  "equal."  There  are 
in  fact  several  points  to  be  taken  into  account. 
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The  oldest  type  of  rocket  propellant,  EDB,  had  adequate  performance  and  relatively  (although  not 
completely)  smokeless  exhaust,  but  suffered  from  a  high  temperature  coefficient  of  burning  rate  which 
can  result  in  a  considerable  increase  in  chamber  pressure  between  the  upper  and  lower  ends  of  the 
service  temperature  range.  This  led  to  penalties  since  not  only  is  die  chamber  required  to  withstand 
die  maximum  pressure  at  the  highest  operating  temperature  (said  is  therefore  unnecessarily  strong  and 
massive  at  tower  temperatures),  but  in  addition  the  thrust/time  characteristics  would  vary.  From  the 
point  of  view  of  hazard,  EDB  propellants  are  very  brittle  under  fragment  and  bullet  attack  conditions 
over  the  whole  service  ten^xrattae  range  and  this  can  lead  to  very  violent  deflagrations.  At  low 
temperatures  brittle  characteristics  will  be  exhibited  at  lower  stresses  and  shrinkage  cracks  may 
develop.  At  high  temperatures  the  life  of  the  motor  is  limited  by  the  stabilization  uf  the  propellant,  and 
the  possibility  of  gas-cracking  as  a  result  of  the  rate  of  generation  nf  gas  bom  decomposition  of  the 
propellant  and  stabilizer  outstripping  the  rate  of  diffusion  to  the  outer  surface  of  the  charge  and 
exceeding  solubility  in  the  propellant  -  this  latter  being  expected  to  diminish  as  the  temperature  rises 
In  addition  the  inhibitor  nay  soften  if  nitroglycerine  and/or  gas  diffuse  into  it,  especially  at  high 
temperature. 

CDB  propellants  share  many  of  the  defects  of  EDB  propellants,  but  owing  to  the  different  method 
of  manufacture,  they  are  less  brink  and  show  lower  vulnerability  to  projectile  attack  at  room 
temperature  and  above,  though  still  exhibiting  brittle  fracture  at  temperatures  below  0°C.  Aluminum 
can  be  incorporated  into  the  casting  powder  which  increases  the  performance  at  the  expense  of  greater 
opacity  of  the  exhaust.  Compared  to  EDB  propellants,  CDB  propellants  are  more  likely  to  exhibit 
exudation  of  NG  (more  or  less  diluted)  on  to  the  surface  of  the  propellant;  this  is  encouraged  by  low 
temperatures  when  the  NG  can  crystallize  out.  Although  larger  motors  can  be  manufactured  using 
CDB  than  with  EDB  it  has  to  be  remembered  that  gas  cracking  will  be  a  more  serious  problem  with 
these  larger  grains  and  consequently  service  life  at  high  temperatures  may  be  reduced. 

CMCDB  propellants  exhibit  higher  performance  than  CDB  but  exhibit  the  various  problems 
associated  with  the  CDB  and  EDB  classes;  in  addition,  the  atidition  of  AP  destroys  the  platoni ration 
which  has  been  one  of  the  advantageous  properties  of  the  other  classes  of  propellant. 

To  increase  the  efficiencv  of  rocket  motors  it  is  desirable  if  possible  to  increase  the  chamber 
pressure  and  since  the  pressure  range  for  platonization  in  double-base  propellants  varies  very  little 
between  different  compositions,  there  is  now  an  increasing  icndency  to  use  composite  propellants. 

These  consist  of  mixture."  ot  .  unis  and  oxidants  as  separate  molecules,  now  usually  bound 
together  in  a  polymeric  rubbery  matrix.  Their  main  advantages  over  double  base  propellants  lie  in 
their  increased  overall  energy,  density,  burning  rate,  and  specific  impulse,  their  improved  mechanical 
properties  and  storage  life  and  their  reliable  stable  combustion  in  the  presence  of  metallic  fuels  such  as 
aluminum.  The  main  disadvantage  of  composite  propellants  is  undoubtedly  their  smoky  exhaust 
plumes.  Many  missile  designers  are  looking  for  high  energy  smokeless  propellants  with  minimum 
signature  and  attenuation.  The  smoke  they  produce  can  conveniently  be  classified  into  'wo  types,  viz 
primary  smoke,  produced  from  the  combustion  of  aluminum  to  AljOy  which  gives  the  characteristic 
white  plume,  and  secondary  smoke,  derived  from  the  condensation  of  HQ  in  humid  conditions. 
Primary  smoke  can  obviously  be  eliminated  by  foimulating  nonaluminized  compositions,  but  this 
usually  results  in  energy  reduction.  Nitramincs  have  been  used  as  alternative  oxidizers  but  these  also 
have  disadvantages  such  as  slower  burning  rates,  higher  pressure  exponents,  aid  increased 
vulnerability  of  the  system. 

In  addition,  when  the  metal  content  in  composite  propellants  is  reduced  considerably  or  eliminated 
altogether  tlicre  folkiws  the  distinct  possibility  of  combustion  instability,  which  has  been  found  to 
depend  also  on  the  size  distribution  of  the  oxidant  present.  This  problem  can  sometimes  be  overcome 
by  redesigning  the  motor  and  grain  geometry,  but  often  more  effectively  by  small  changes  in 
composition  involving  addition  of  refractory  materials  such  as  ZrC,  AI2O3,  or  TiO’  in  carefully 
monitored  parade  sizes. 

Composite  propellants  can  undergo  surface  oxidation  under  storage  at  high  temperatures, 
particularly  in  the  presence  of  certain  burning-rate  modifiers  This  process  results  in  extra  cross- 
linking  and  formation  of  a  hard  skin,  which  in  turn  may  sensitize  the  propellant  charge  to  mechanical 
stimuli. 

The  propellant- to-case  weight  ratios  for  traditional  metal-cased  rocket  motors  may  be  improved  by 
the  substitution  of  part  of  the  metal  by  means  of  structural  fiber,  and  further  unproved  by  the  use  of 
aluminum  rather  than  steel  for  the  remaining  thickness.  However  if  the  external  layer  is  of  insulating 
fiber  (e  g,  Kevlar)  and  adhesive,  this  in  combination  with  the  metal  layer  below  will  (unless  the  meta! 
is  earthed/grounded)  introduce  a  capacitive  effect,  leading  to  the  capability  to  store  and  discharge 
electrostatic  energy.  Handling  the  motor,  especially  under  low  humidity  conditions,  may  produce 
large  electrostatic  charges  on  the  insulating  outer  layer,  and  the  electrically  isolated  propellant  grain 
will  then  acquire  a  substantial  electrical  charge  by  induction.  Any  break  in  the  continuity  of  die 
conductive  surface  (e  g.,  the  nozzle  end  of  the  motor)  may  then  lead  to  a  discharge  to  the  propellant. 


and  » internal  ignition.  Experimental  work  suggest*  that  craeiting  of  the  propellant  always  precedes 
such  ignition,  and  the  extra  burning  surface  so  produced  may  lead  to  a  very  violent  event. 


This  hazard  is  not  necessarily  revealed  by  laboratory- scale  tests  on  finely  divided  propellant,  and 
increasing  the  sire  of  the  sample  may  lead  to  a  reduction  in  the  electrostatic  spark  energy  necessary  to 
ignite  the  material  and  hence  to  an  apparent  increasing  sensitiveness.  The  development  of  the  event 
appears  to  be  related  to  the  conductivity  of  the  propellant  under  high  voltage  conditions,  which  may 
lead  to  breakdown  of  matrix  insulation  between  adjacent  metallic  particles. 

Future  trends  in  rocket  motor  development  appear  to  extend  in  two  principal  directions  which  give 
the  impression  of  leading  opposite  ways.  The  first  is  in  response  to  a  demand  for  increasingly 
energetic  and  faster-btrmng  compositions.  Increase  in  energy  is  a  matter  of  thermochemistry;  most 
propellants  in  service  are  fuel-rich  in  terms  of  stoichiometry  to  the  most  favorable  product  system,  viz 
carbon  dioxide  and  water,  and  development  of  energetic  binders  for  composite  propellants,  to  replace 
the  older  types  discussed  earlier,  should  improve  the  energy  output.  Stability  problems,  however, 
may  complicate  matters.  The  use  of  mtranunes  in  nitroglycerine/nitroccllulose  based  systems  is 
expected  to  be  further  developed.  Increase  in  burning  rates  may  be  achieved  by  the  use  of  "ultra-fine 
(US)  or  "micron ized"  (UK)  ammonium  perchlorate  in  composite  propellants.  Both  these  types  of 
development  are  expected  to  increase  potential  hazards  and  to  run  counter  to  the  second  trend:  the 
development  of  "insensitive"  or  more  precisely  "low-vulnerability"  munitions.  Any  type  of 
composition  may  be  manufactured  to  include  thin  wires  to  improve  the  conduction  of  heat  from  the 
reaction  zone  into  the  unbumt  propellant.  Tire  result  is  effectively  to  increase  the  burning  surface  area 

To  meet  performance  requirements  in  addition  to  the  demand  for  reduced  vulnerability  has  called 
for  re-examination  of  the  motor  case  material  as  well  as  the  propellant  composition(s).  The 
frangibility  of  the  latter  is  of  prime  importance  in  determining  vulnerability  to  projectile  attack  since 
even  ,i  local  increase  in  burning  surface  following  crack  propagation  can  lead  to  mo-tor  explosion. 

This  has  led  to  an  increasing  interest  in  the  use  of  elastomeric  binder  compositions  to  decrease 
frangibility  in  all  classes  of  propellant.  The  problem  is  expected  to  be  most  severe  at  low  temperature- 
where  dramatic  increases  in  vulnerability  to  projectile  attack  are  experienced  at  temperatures  below  the 
strain-rate-adjusted  glass  transition  temperature.  The  use  of  polymer-ftber-overwrapped  case 
materials  (in  addition  to  reducing  the  east/propcllant  mass  ratio,  leading  to  increased  motor 
performance)  decreases  motor  vulnerability  to  projectile  attack;  cutting  the  fibers  leads  to  substantial 
reduction  of  case  strength  and  consequent  easier  venting. 

Cook-off  presents  a  different  problem,  unless  the  case  strength  itself  can  be  reduced  by 
degradation  of  the  case  material  before  the  propellant  ignites,  as  with  steel  strip-laminate  cases.  Mere 
interest  is  being  shown  in  the  use  of  linear  charges  of  pyrotechnic  composition  (  thermite  tabs  )  or 
line-cutting  charges  to  weaken  the  case  and  provide  venting  hefore  the  propellant  ignites  and  the  motor 
becomes  propulsive  or  explodes. 

The  application  of  unexpected  mechanical  stresses,  e.g..  if  the  motor  is  dropped,  can  also  result  in 
damage  leading  to  disaster  on  subsequent  ignition;  in  genera)  any  motor  which  has  been  dropped  is 
considered  unsuitable  for  use. 

With  very  large  rocket  motors  extra  problems  arise.  The  motor  case  or  beaker  (tape  wrapping 
around  the  propellant  grain  with  compatible  adhesive)  provides  support  to  the  charge,  but  the  larger 
the  charge  the  greater  are  the  distortions  produced  by  the  strains  experienced  on  motor  acceleration 
("g"  stresses).  Depending  on  the  propellant  rheology  these  deformations  may  become  unacceptable, 
e.g.,  if  they  lead  to  even  partial  blocking  of  the  conduit  or  nozzle,  producing  internal  pressure  nse  and 
motor  failure.  Case  bonding  is  always  a  potential  source  of  weakness  and  the  position  is  more  critical 
with  large  motors,  debooding,  loss  of  support  to  and  consequent  disruption  of  the  grain  can  be 
expected  to  have  catastrophic  results.  With  such  motors  the  balance  between  performance,  standards 
of  manufacture  and  maintenance,  and  hazard  is  even  more  critical  than  with  normal  motors,  especially 
in  view-  of  the  greater  potential  consequences  of  failure. 
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2.4.  TERMINOLOGY 


The  equivalent  term*  for  the  various  pans  of  the  motor  are  given  in  Table  1 . 


Tabic  1.  Equivalent  Terms  in  Rocket  Motor  Technology. 


b  it :«  ii  i  mi  it  iiai  fi 

Germany 

InSMM 1 

Motor 

Motor  (Triebwerk) 

Propul  seur 

Head  end 

Kopfseite 

Fond  avant 

Rear  end 

BQsenseite 

Fond  arrive 

Case 

(Brenn)Kammer 

Structure 

Propellant  (or  Propellent) 

Tteibswff 

Proper  go! 

Gran  (or  Charge) 

Treibsatz 

Bloc 

Solid 

Fest 

SoHde 

Pon/perf oration 

GasstrQtmingskanal 

Canal 

Nozzle 

Diise 

Tuyere 

Throat 

Diisenbals 

Col  dc  Tuyere 

Closing  disc 

Abdichtmembran 

Opercule 

Web 

(Wand  or  Web)starke 

E  pais  seur 

Vent  plug 

EntUiftungsstopfcn 

Bouchon  event 

Inhibitor 

Inhibitor 

Inhibits  ur 

Insulator 

Isolation 

Protection  Thcrmique 

Liner 

Liner 

Liner 

Pressure  relief 

Druckemlasmng 

Dispositif  d'arret  de  poussce 

Igniter  system 

Anziindsystem 

Sysibrne  d'allumage 

Anziindpilk 

Inflammateur 

Igniter 

Anziinder 

Allumcur 

Fuse  head/squib 

Anziindsystem 

Inflammateur 

Thrust 

Schub 

Poussce 

Single-stage  motor 

Einstufen-Motor 

Moteur  i  un  etage 

Two- stage  motor 

Z  wei  stufen  -  Motor 

Moteur  a  deux  Stages 

Rocket 

Rakete 

Roquettr 

Casting  powder 

Giebgranulat 

Poudre  a  mouler 

Casting  liquid 

Giebfliissigkeit 

Solvant  de  mnulage 

Missile 

Flugk&rper 

Missile 

Boost  Motor 

Start  Motor 

Moteur  d'acceleration 

Boost  Propellant 

Start  Treibsatz 

Propergo!  d'accelerarion 

Sustamer  Motor 

Marsch-Motor 

Moteur  de  croiocre 

Sustainer  Propellant 

Case  binded  Propellants 
Blast  Tube 

Port 

Marsch-Treihsatr 

Propergol  de  cmisiere 
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CHAPTER  3.  OVERVIEW  OF  SOI  .H)  PROPELLANT  ROCKET 
MOTCSi  HAZARDS  AND  HAZARD  TESTING 

This  Chapter  introduces  terms  and  concepts  in  order  to  lay  a  proper  foundation  for  discussions  in 
subsequent  discussions  in  this  report.  Following  definition  of  selected  !cra»,  the  concept  of  flow 
charting  is  introduced  Row  charting  is  used  to  show  the  process  associated  with  an  initial  event 
leading  to  the  response  of  a  rocket  motor.  This  is  important  in  the  concept  of  hazard  protocols  which 
is  introduced  in  Chapter  4.  Finally,  important  aspects  associated  with  hazard  testing  are  presented 

3.1.  DEFINITIONS 

HAZARD  -  The  ever  present  potential  or  threat  of  causing  damage  or  loss,  independent  of  any  specific 
unsafe  situation  or  stimulus.  Hazard  is  an  inherent  property  of  each  ordnance  item,  especially  of  the 
active  parts.  The  hazards  can  appear  within  the  context  of: 

•  Safety:  chance  events 

•  Vulnerability:  effects  of  deliberately  hostile  stimuli 

•  Normal  functioning  or  functional  hazxrds  hazards  when  a  solid  propellant  charge  is 

consumed  tunctionally  These  cou.u  result,  for  example,  from  the  nozzle  exhaust  plume  - 
thermal  effects,  hot  gases,  small  particles  of  alumina,  and  excessive  noise 

In  this  AGARDograph,  functional  hazards  are  not  considered. 

The  problems  of  hazard  are  compounded  by  the  desire  to  always  want  the  highest  performance 
that  can  be  achieved.  Unfortunately,  as  the  energy  density  of  the  propellant  is  increased,  the  hazard 
sensitivity  and  output  of  unwanted  reactions  are  usually  increased  also.  Thus  the  problem  is  to  pro¬ 
vide  the  maximum  performance  consistent  with  acceptable  hazard.  This  involves  performance/hazard 
trade-offs 

DANGER  is  a  property  of  a  certain  defined  unsafe  situation,  characterized  by  the  hazards  of  the 
danger  source,  the  vulnerability  of  the  endangered  object,  arid  environmental  conditions. 

SAFETY  is  the  antonym  to  DANGER;  a  high  safety  level  corresponds  to  a  km-  danger  level  and  vice 
versa.  The  concept  of  SAFETY  is  linked  with  accidents.  A  CODENTS  are  unintended  events  that 
produce  effects  that  may  lead  to  damage.  100%  SAFETY  cr  ABSOLUTE  SAFETY  means  the 
absence  of  any  hazard  in  the  regarded  danger  situation.  For  activities  involving  active  parts  of 
ammunition,  such  as  rocket  motors,  absolute  safety  is  not  possible.  Therefore  they  are  said  safe. 1  if 
the  danger  emanating  from  them  is  limited  to  an  acceptable  level  compared  to  other  risks  to  which  wx 
are  exposed. 

SAFETY  and  DANGER  are  linked  to  an  activity  such  as  loading,  transporting,  storing,  testing,  or 
operational  use  of  a  rocket  motor,  it  is  not  a  property  of'  the  motor  itself.  For  example  we  do  not  refer 
to  the  safety  of  a  motor,  but  to  the  safery  of  machining  propellant  or  transporting  die  motor 
RISK  is  a  measure  of  danger  and  involves  consideration  of  probability  and  potential  damage  level. 

RISK  PRESENTED  BY  AN  ACTIVITY  contains  the  probability  of  the  undetiied  evc«l(s>.  the  output 
level  of  thai  event  is),  and  the  extent  of  the  possible  damage  or  consequences.  There  is  no  inter¬ 
nationally  agreed  generally  "acceptable  risk"  level.  The  degree  of  acceptability  obviously  changes 
with  situations.  In  war  time  much  higher  risks  are  accepted  than  in  peace  time.  Similarly  if  an  ord¬ 
nance  item  is  "critical"  more  risk  will  be  accepted  than  if  the  item  were  "normal." 

The  task  of  RISK  ANALYSIS  is  to  identify  hazards  and  the  causal  chain  for  specific  danger.  The 
possible  causal  chains  are  of  central  importance  because  they  serve  as  a  pattern  fee  developing  preven¬ 
tive  measures  and  as  a  basis  for  estimating  the  rate  of  occurrence  of  the  undesiied  event. 

MITIGATION  is  an  action  to  reduce  the  reactivity  of  the  ordnance  to  a  given  stimulus. 

INITIAL  EVENT  is  the  trigger  event  that  leads  to  a  Stimulus(i)  being  applied  to  a  rocket  motor  and  the 
subsequent  RESPONSE  of  the  propellant,  producing  EFFECTS  or  OUTPUT  Lhat  result  in  DAMAGE, 
to  personnel  or  materiel  tn  the  surroundings.  The  following  sections  Jiscuss  these  subjects. 

3.2.  IMJiAL  ESEfOS 

Initial  events  are  associated  with  some  activity  with  the  rocket  motor.  These  activities  include: 

«  manufacture 

•  shipping  and  handling 
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•  storage  (includes  placement  in  and  removal  from) 

•  active  storage  or  staging  (e.g.,  "bomb  farms"  on  aircraft  carrier 

decks) 

•  integration  on  platform  (aircraft,  tank,  ship)  in  a  semi-ready  state 

•  arming  (semi-ready  to  ready,  armed  state) 

•  operation  (both  test  and  actual  use) 

•  destruction,  demilitarization 

The  initial  event  can  be  due,  as  shown  in  Fig.  5,  to: 

•  the  rocket  motor  alone 

■  the  rocket  motor  as  an  integral  part  of  the  missile 

•  the  environment  (everything  outside  the  motor  or  missile) 

The  initial  event  can  lead  to  an  undesired  event  through  the  four  paths  shown  in  Fig.  5. 

In  path  one.  the  initial  event  is  generated  by  the  motor  itself.  For  example,  stabilizer  depletion  in 
the  solid  propellant  could  lead  to  an  autocatalytic  reaction  and  ejection  of  part  of  the  propellant  grain 
through  the  nozzle  causing  a  rapid  pressure  increase  in  the  motor. 

In  path  two,  the  environment  affects  the  motor.  For  example,  external  heating  suen  as  fire  or 
exhaust  impingement:  vibration  during  shipping,  handling,  captive  carriage;  abnormal  stimuli  from 
accidents  such  as  truck  crash,  aircraft  crash;  lightning  or  electrostatic  discharge;  and  deliberate  hostile 
acts  such  as  bullet  or  shaped  charge  jet  attack. 

In  path  three,  the  environment  causes  reaction  of  a  missile  component  or  subcomponent  other  than 
the  motor,  which  in  turn  results  in  a  reaction  of  the  motor.  For  example,  a  fragment  impact  detonates 
the  warhead  which  in  turn  causes  an  undesired  reaction  in  the  motor. 

Path  four  is  similar  to  path  three,  but  instead  of  an  outside  stimulus  setting  off  a  missile  compo¬ 
nent,  the  component  sets  itself  off  and  causes  an  undesired  reaction  in  the  motor. 


Fig.  5.  The  Four  Paths  Towards  an  Undesired  Event. 


3..U  RESPONSE  OF  MOTOR  TO  INITIAL  EVENT 

Fig.  6  presents  the  various  responses  of  the  motor  to  the  initial  event.  The  initial  event  induces 
response  of  the  motor  into  either 

1.  No  chemical  reaction  with  or  without  motor  degradation  (mechanical  damage).  When  degra¬ 
dation  occurs  and  is  undetected,  then  a  hazardous  operating  situation  may  be  encountered. 
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2,  Chemical  reaction  which  could  be: 

•  local  decomposition  or  burning 

•  burning 

•  thermal  explosion 

•  partial  detonation  (detonation  of  a  portion  of  the  propellant  grain) 

•  detonation 


Fig.  6.  Hie  Nature  of  the  Response  of  a  Motor  to  an  Initial  Event. 
These  chemical  reactions  could  lead  to  any  of  the  following  motor  actions: 


•  no  significant  external  output 

•  burning  with  or  without  limited  projection  of  debris 

•  self-propulsion 

•  mechanical  burst/prcssure  burst 

•  deflagration  with  propulsion 

•  partial  detonation 

•  detonation 
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3.4.  QUXEUT/BEFECTS 

The  response  of  the  propellant  to  an  initial  event  may  produce  primary  and  secondary  effects  that 

include: 


•  Thermal  flux,  flames 

•  Projection  of  motor  fragments  and  live  and  inert  propellant  debris 

•  Self- propulsion  of  the  motor 

•  Blast  and  shock  waves 

•  Smoke 

The  projection  of  propellant  is  of  concern  because  these  fragments  can  possibly  explode  or  deto¬ 
nate  at  their  point  of  impact,  causing  an  indirect  hazard,  that  greatly  spreads  the  area  that  must  be 
considered. 

The  energy  release  rate  of  the  propellant  will  determine  the  intensity  of  these  effects  Data  relevant 
to  establishing  a  propellants'  energy  release  in  terms  of  TNT-equivalency  and  debris  distribution, 
thermal  radiation  levels,  and  fireball  diameter  can  be  found  in  Bilker  et  al.  1983. 

3.5.  HAZARD  RESULT'D  AM  AGE  CONSEQUENCES 

Hazard  output  causes  damage  to  personnel  and  materiel.  As  previously  mentioned,  the  main  dam¬ 
age  mechanisms  are  thermal  (fire,  heat),  blast  overpressure  and  hazardous  fragments.  The  damage 
caused  will  depend  on  the  environment  in  which  it  occurs.  For  example,  levels  of  blast  liiat  are  catas¬ 
trophic  in  the  confined  space  of  a  tank  or  ship's  holds,  or  near  an  aircraft,  may  be  relatively  benign  in 
the  open.  Similarly  the  damage  potential  of  thermal  and  fragment  output  from  reacting  munitions  is 
dangerous  in  proportion  to  proximity  of  personnel,  other  munitions,  or  susceptible  material  For 
review  of  probabilities  of  injury  or  death  of  personnel,  damage  to  structures  or  equipment  as  a  func¬ 
tion  of  output  intensity,  publications  by  Zaher,  19751;  Mosely.  1986;  and  Boisseau,  1986,  a 
recommended: 

The  damage  done  to  other  motors  is  also  of  importance.  As  will  be  shown  in  later  chap!  tl. 
composition  and  the  condition  of  the  propellant  is  an  extremely  important  consideration;  less  ih3n  K- 
voids  dramatically  changes  the  response  to  mechanical  shock.  Damage  cannot  only  come  from  pri¬ 
mary  sources  described  above  but  can  be  caused  by: 

•  handling  (dropped,  rough  handling) 

•  storage  (temperature  and  humidity) 

•  multiple  captive  carriage 

•  age 

•  de bonded  from  the  case 

This  subject  is  treated  more  fully  in  NATO  AC/258  and  U.N.  Recommendations  for  the  Transport  of 
Dangerous  Goods. 

3.6.  TESTING  IN  GENERAL 

Testing  of  energetic  materials  is  concerned  with  whether  or  not  a  sample  responds  to  a  given 
stimulus  and  the  type  and  level  of  response  for  a  given  stimulus  in  a  given  environment.  Realistic 
description  of  sample,  stimulus,  and  environment  is  important,  as  will  be  seen  later.  For  example,  the 
same  material  may  respond  differently  to  the  same  stimulus  depending  on  environmental  effects  such 
as  confinement;  lack  of  confinement  may  make  the  difference  between  a  detonation  response  and  a 
mild  reaction.  Similarly,  the  state  of  the  sample  may  determine  whether  initiation  occurs;  for  example, 
a  slightly  damaged  propellant  may  detonate  when  subjected  to  a  given  shock  level  while  its  undam¬ 
aged  counterpart  will  not  detonate. 

Statistical  probability  is  one  of  the  problems  associated  with  inadvertent  initiation  of  munitions  or 
articles  containing  energetic  materials.  In  cases  w  here  hazard  risk  is  expressed  in  probabilities  of  one 
response  in  tens,  hundreds,  or  thousands  of  trials,  statistically  meaningful  testing  is  so  costly  and 
time-consuming  as  to  be  impossible.  In  reality,  the  issue  is  usually  completely  avoided  by  performing 
inexact  tests  that  demonstrate  "safety''  with  two  no-go  responses  to  a  "standard”  stimulus.  Quite 
obviously,  when  this  is  done,  we  are  often  so  far  from  conditions  that  will  initiate  hazardous  reaction 
that  almost  nothing  relevant  is  learned  from  the  tests. 

3  6  1.  Types  of  Tests 

The  stimuli  the  motor  is  likely  to  see  and  its  frequency  of  occurrence  must  be  defined  in  the  con¬ 
text  of  the  environment.  This  definition  of  environment  and  stimuli  is  the  threat  assessment,  telling 
die  munitions  designer  what  threats  he  must  design  for.  Just  as  the  designer  is  told  what  vibration 
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levels,  g-loadings,  and  temperatures  the  design  must  accommodate,  he  also  should  be  told  what  haz¬ 
ard  situations  must  be  considered 

The  hazard  phenomena  and  the  methods  of  assessing  the  hazard  may  differ  between  countries,  hut 
all  hazard  assessments  include  testing  and  analysis.  Chapter  5  discusses  the  testing  and  analytical 
methods  for  each  of  the  technical  areas.  Before  those  discussions,  it  would  be  good  to  review  testing 
in  genei  J,  before  discussing  specific  testing. 

Development  of  motors  require  tests  at  both  ends  of  the  design  spectrum:  (1)  tests,  usually  small- 
scale  laboratory  or  test  cell  tests,  that  yield  data  necessary  early  in  the  design  cycle  for  the  actual 
design  work,  (2)  intermediate,  and  (3)  large-scale,  all  up  component  or  munition  tests  obviously 
occurring  at  the  end  of  the  design  cycle  that  tell  the  program  office  whether  the  design  goal  was 
achieved  and  by  what  margin.  The  large-scale  tests  are  the  "proof  of  the  pudding"-no  matter  how 
good  your  small-scale  test  results  and  predictive  methods  are,  you  will  still  have  to  do  some  large,  all- 
up  tests.  However,  large-scale  testing  has  some  drawbacks. 

1 .  Large  scale  tests  are  costly  and  we  don’t  do  many.  The  total  cost  includes  the  test  itself  and  the 
cost  of  the  test  article--a  rocket  motor  or  a  warhead  section.  Both  arc  expensive. 

2.  Poor  instrumentation.  Because  of  the  potential  violence  of  a  hazard  reaction,  most  large-scale 
tests  are  done  in  a  remote  location.  With  few  exceptions  the  level  of  instrumentation  on  these  field 
tests  is  much  less  extensive  titan  on  laboratory  or  test  cell  tests.  In  many  cases  there  is  no  instrumen¬ 
tation  other  than  slow  speed  video  cameras,  and  the  test  results  are  either  "go"  or  "no-go". 

3.  Emphasis  nn  "pass".  Often  it  is  the  program  office  who  is  paying  for  the  large-scale  test. 
Understandably,  their  emphasis  is  on  passing  the  test;  hazard  testing  is  just  one  more  milestone  that 
must  be  successfully  accomplished,  if  two  passes  are  achieved,  who  wants  to  press  their  luck? 

As  a  result  of  the  above  considerations,  large  scale  testing  usually  yields  few,  very  "relevant",  but 
poorly  instrumented  pass/fail  results.  There  is  no  real  measure  of  margin  of  safety,  and  the  data  do 
not  provide  much  of  a  statistical  base  (especially  when  many  of  our  hazards  are  1  in  100  to  1  in 
1 ,000,000  probability). 

You  may  question  why  one  should  worry  about  hazards  whose  probability  of  occurrence  are  so 
low.  But  concern  must  be  given  if  (1 )  the  consequences  of  reaction  is  extremely  severe,  e  g  ,  detona¬ 
tion  of  a  ballistic  missile,  or  (2)  if  the  number  of  "trials"  is  high,  e.g.,  launching  and  retrieving  aircraft 
on  an  aircraft  carrier.  These  are  ends  of  the  spectrum;  we  must  be  able  to  make  assessments  that  con¬ 
sider  probability  of  occurrence  and  severity  of  output.  Unfortunately  a  few  large-scale  tests  may  not 
provide  us  with  the  information  necessary  to  make  the  assessments. 

Consider  a  series  of  N  tesis  with  x  tests  resulting  in  explosions.  The  probability  of  an  explosion 
occurring  on  any  one  test  is  P,  independently  of  what  happens  on  any  other  test.  Then  the  probability 
that  no  explosion  will  occur  on  any  of  the  N  tests  is  (1  P)N:  hence,  the  probability  P*  of  at  least  one 
explosion  occurring  in  N  rests  is 

Pn=1-(1-P)n.  (3.1) 

This  equation  can  be  used  to  calculate  PN  if  we  are  given  P  and  N.  Or,  we  can  solve  this  equation  for 
N  to  get 


„  IhO-Pn) 

ln(l  -  P)  ■ 

which  can  be  used  to  calculate  N  if  we  are  given  P  and  P^. 


(3.2) 


For  example,  suppose  P  -  0.01,  and  we  perform  N  =  50  tests.  Then  by  Equation  (3.1),  the 
probability  of  seeing  at  least  one  explosion  is 

PN  =  1  -  (1  -  0.0 1)50  =  0.395.  . . 

Thus,  there  would  be  only  a  40%  probability  of  seeing  at  least  one  explosion  in  50  tests.  To  find  out 
how  many  tests  we  would  need  to  increase  PN  from  40%  to  95%,  we  invoke  Equation  (3.2)  to  get 


_!n(l  -0.95) 
"  lii(l-O.Ol) 


=  298 
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Similarly,  if  there  is  only  a  one-in-a-thousand  chance  of  an  explosion  occurring  on  any  one  test,  then 
to  be  95%  certain  of  seeing  at  least  one  explosion,  the  number  of  tests  needed  would  be 


ln(  1-0.95) 
ln(!  -0.001)  ’ 


In  many  hazard  testing  programs,  especially  those  involving  large  scale  tests,  only  two  trials  are 
run  at  a  given  condition.  Equation  3.1  can  be  solved  for  this  case  of  N  =  2  tests  to  see  what  is  the 
probability  of  getting  an  explosion  in  the  two  tests,  given  the  probability  P  of  an  explosion  occurring 
on  any  one  test  Results  of  such  a  calculation  are  given  below. 


Table  2.  Dependence  of  Probability  of  Explosion  on  Number  of  Tests. 


P,  probability  of  explosion 
in  one  test 

PN,  probability  of  explosion 
in  N  -  2  tests 

.001 

.2% 

.01 

2.0% 

.05 

10.0% 

.10 

19.0% 

.20 

36.0% 

.30 

51.0% 

.40 

64.0% 

.50 

75.0% 

As  mentioned  earlier,  many  hazards,  one  in  a  thousand,  one  in  a  hundred,  or  one  in  ten  occurrences 
(actually,  one  in  ten  hazard  or  higher  occurrences)  are  often  said  to  be  too  hazardous  and  we  try  to 
avoid  those  situations  altogether,  yet  when  only  two  tests  are  conducted,  we  have  a  low  probability 
(.2%,  2%,  and  19%  for  the  1  in  1000,  1  in  100,  and  1  in  10  cases)  of  detecting  the  hazard. 

In  addition  to  low  statistical  basis  for  even  a  given  test  with  prescribed  stimulus  and  environment, 
a  few  tests  cannot  cover  the  range  of  stimuli  and  environmental  conditions  the  munition  is  likely  to 
encounter.  As  will  be  discussed  later,  a  20  mm  bullet  fired  at  service  velocity  is  but  one  point  in  bullet 
mass  -  velocity  plane.  As  will  be  shown,  passing  the  20  mm  bullet  test  does  not  necessarily  mean  that 
other  bullet  tests  will  be  passed;  smaller,  slower  bullets,  or  the  20  mm  bullet  at  lower  velocity,  may 
cause  explosion  of  motors  that  passed  the  standard  20  mm  bullet  test.  See  the  hazard  mapping  of 
Chapter  4. 


Margin  of  safety,  a  desired  design  consideration  (tells  the  designer  whether  he's  on  the  ragged 
edge  between  passing  or  failing,  or  whether  he  has  much  flexibility  before  approaching  the  edge)  can¬ 
not  adequately  be  assessed  by  a  few  pass/fail  tests. 


Small-scale  laboratory  or  test  cell  tests,  on  the  other  hand,  inexpensively  provide  (usually)  much 
data  with  reasonable  control  of  the  variables  within  the  range  of  experience.  However  small  scale 
tests  only  give  order  of  magnitude  comparison  with  data  from  experience  (or  in  comparison  to  a  well 
known  reference  test  material),  therefore  the  relevance  of  the  small  scale  data  to  the  large  scale  situa¬ 
tion  may  be  questioned.  We  must  select  the  correct  way  to  predict  scaling  effects.  This  latter  consid¬ 
eration  may  require  predictive  analytical  models;  unfortunately,  in  many  of  the  hazard  areas  the  models 
are  not  sufficient  to  do  this  extrapolation.  Thus,  from  the  small-scale  tests  we  may  get  much  data  in 
controlled  situations,  but  we  must  ask  ourselves  how  we  are  going  to  gig  these  data. 

3.6.2.  Testing  to  Failure 


If  a  "pass"  response  is  achieved,  continued  testing  (more  tests  or  altering  the  stimulus  or  environ¬ 
ment)  should  occur  until  failure  responses  are  achieved.  We  usually  learn  more  from  a  "failure"  than  a 
"pass"  -  (initiating  stimuli,  violence  of  output,  margin  of  safety,  etc.).  But  perhaps  more  importantly, 
lack  of  failure  can  be  deceiving  as  just  discussed  with  respect  to  the  20  mm  bullet  test.  One  of  the 
most  common  deceptions  resulting  from  lack  of  failure  surrounds  the  card  gap  test  (this  test  is  dis¬ 
cussed  later).  Many  people  publicize  propellants  "having  zero  card  gap"  as  being  nondetonablc.  This 
is  not  the  case.  A  zero  card  gap  simply  means  that  the  critical  diameter  (the  smallest  diameter  which 
can  sustain  a  steady  state  detonation)  of  the  propellant  is  larger  than  the  1.44  inch  diameter  of  the  card 
gap  test.  It  doesn't  tell  you  if  the  critical  diameter  is  5  inches  or  40.  If  it  were  5  inches  and  you 
loaded  that  propellant  into  a  1 3  inch  end  burning  motor,  you  would  have  a  detonable  motor.  Again, 
lack  of  results  can  be  deceiving. 


3.6.3. 


The  major  types  of  stimuli  are 


•  Heat 

•  Mechanical  deformation 
■  Shockwave 

•  Electrical  discharge 
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Within  each  of  these  types  of  stimuli  one  can  distinguish  different  levels  of  intensity  of  the 
stimulus. 

Heat  stimuli  range  from  slow  (bulk)  heating  to  fast  heating  associated  with  unpacked  munitions  in 
a  fuel  fire. 

Mechanical  deformation  can  be  caused  by  a  drop  of  unpacked  munition  of  several  meters,  or  by 
bullet/fragment  impact. 

Shockwaves  can  be  generated  by  high  velocity  impact  of  projectiles  and  shaped-charge  jets,  as 
well  as  the  adjacent  detonation  of  high  explosives. 

Sparks  can  be  generated  as  a  result  of  static  electricity  by  humans  or  machines,  faults  in  electrical 
equipment  and  even  lightning. 

Electromagnetic  radiation  can  lead  to  a  reaction  in  ammunition  by  its  action  on  the  Electro 
Explosive  Device  (EED). 

These  types  and  degrees  of  stimuli  usually  arc  discussed  under  labels  of  fast  cook-off,  slow  cook-off, 
or  thermal  explosion,  sympathetic  detonation  (fragments  and/or  blast  arc  stimuli),  bullet  or  fragment 
impact,  and  electrostatic  discharge. 

Tests  are  usually  called  out  for  these  phenomena.  For  example,  the  U.S.  in  its  Joint  Service 
■'Insensitive  Munitions"  Policy  addresses  these  hazard  threat  areas,  and  has  pass/fail  criterion  for  each 
test.  These  arc  given  in  Table  3. 


Table  3.  Insensitive  Munition  Requirements  Source:  NAVSEAINST  8010.5 
_  (See  also  proposed  MILSTD  2105  A)  _ 


Record 

Criteria 

■Bi 

No  Reaction  More  Severe  than 
Burning 

Hiwwgii . 

Fragment  Impact 

•  Assessment  and  Credible  Event 
Analysis 

•  No  Reaction  More  Violent  than 

Burning 

Bullet  Impact 

No  Reaction  More  Severe  than 
Burning 

Sympathetic  Detonation 
(Ship  Stowage, 

Magazine  or  Launcher) 

•  Assessment  and  Credible  Event 

Analysis 

•  No  Sympathetic  Detonation  in 

Stowage  Configuration 

3.6.4.  Sample  Selection 

The  sample  itself  must  be  adequately  identified  and  described.  Is  the  item(s)  to  be  considered  a 
rocket  motor?,  the  missile?,  several  missiles  in  a  shipping  container?  In  the  instance  of  the  rocket 
motor  by  itself  or  as  a  subcomponent  of  a  larger  consideration,  what  is  the  propellant  (ingredients, 
amounts,  particle  sizes,  grain  configuration,  etc.)  and  is  the  propellant: 

•  freshly  manufactured,  freshly  loaded 

■  aged  (perhaps  with  stabilizer  depletion,  particle  size  change,  etc.) 

•  damaged 

3.7.  EVENT  PRQBABmH.ES 

For  peacetime  conditions  it  is  useful  to  apply  the  methods  of  risk  analysis  and  safety  assessment 
to  assess  the  hazards  in  a  given  situation  in  a  quantified  way.  The  methods  used  for  such  a  safety 
assessment  are  briefly  described  in  Annex  1.  A  more  complete  description  will  be  found  in 
"Compilation  of  Damage  Models,''  1989. 
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CHAPTER  4.  SOLID  PROPEIXANT  ROCKET  MOTOR  RESPONSE  TO  THREATS 


A  new  hazard  analysis  approach  for  solid  propellant  rocket  motors  is  introduced  in  this  chapter. 
This  analysis  approach,  termed  Hazard  Analysis  Protocol,  involves  assessment  of  a  given  threat  and 
the  identification  of  tests  and  analysis  necessary  to  yield  the  necessary  data  for  the  design  and 
fabrication  of  solid  propellant  rocket  motors.  This  is  a  pivotal  chapter  in  this  report  in  that  it  relates  the 
subject  of  system  threat  to  that  of  the  technical  areas  associated  with  hazards. 

4.1.  THE  CONCEPT  OF  HAZARD  ANALYSIS  PROTOCOL 

Hazard  threats  are  not  simple  and  should  be  considered  early  in  the  design  of  a  solid  rocket  motor. 
Consider  the  hazard  threats  listed  in  Table  2.  These  are  mixtures  of  stimuli  and  response.  It  can  be 
seen  that  bullet  impact  and  fragment  impact  are  stimuli,  sympathetic  detonation  is  a  response,  cookoff 
is  an  incomplete  combination  of  stimulus  (heat)  and  response  (the  response  is  either  no  reaction, 
burning,  deflagration,  explosion,  or  detonation).  To  move  from  these  hazards  areas  and  identify  the 
tests  that  would  provide  data  necessary  for  rocket  motor  design  (rather  than  pass/fail  criteria),  the 
hazard  areas  must  be  further  divided  and  refined. 

The  Hazard  Analysis  Protocol  concept  can  be  divided  into  the  following  four  phases: 

Phase  1 ,  Protocol  Process  (How  Charting) 

Phase  2,  Hazard  Mapping 

Phase  3,  Application  of  Hazard  Technology,  and 

Phase  4.  Identification  of  Methodology  Deficiencies 

In  the  following  sections,  the  Hazard  Analysis  Protocol  Concept  is  defined  in  terms  of  these  phases. 

4.1.1.  Phase  i.  Establish  Hazard  Process  Protocol 

The  tenn  protocol  is  meant  to  be  the  order  or  procedure  for  consideration  of  a  subject  (here  taken 
to  be  the  hazard  area).  While  the  term  protocol  may  be  a  bit  unfamiliar  the  process  is  not:  we  use  the 
approach  many  times  a  day  -  every  time  we  must  make  a  multi-step  decision.  For  example  when  we 
awaken  in  the  morning,  we  make  a  decision  whether  to  get  out  of  bed.  The  time  of  day,  day  of  week, 
plan  for  the  day,  and  other  factors  influence  whether  we  get  up  or  not.  The  following  logic  is  an 
example  of  a  protocol.  The  first  question  we  might  ask  if  we  awakened  without  the  alarm  clock  might 
be  "what  time  is  it?"  "Is  it  before  or  after  the  normal  awakening  time."  If  ii  is  before  the  time  to  get 
up  you  might  ask  if  you  want  to  get  up.  If  yes,  get  up.  If  no,  is  it  a  "special  day"  that  requires  an 
earlier  rising.  If  not  you  can  go  back  to  sleep  and  start  the  process  again  later.  If  on  the  other  hand, 
the  time  is  the  normal  rising  time  or  later,  you  might  ask  yourself  if  today  is  a  work  day  or  not.  If  it 
is,  then  you'd  better  get  up.  If  it  is  the  weekend  or  holiday,  you  can  decide  whether  to  get  up  or  sleep 
in.  The  decision  will  partly  be  made  by  your  planned  activities.  This  then  is  a  very  simple  protocol, 
with  most  of  the  questions  amenable  to  a  simple  yes  or  no  answer.  It  can  be  sketched  in  flowchart 
form  as  shown  in  Fig.  7.  The  hazard  analysis  protocols  presented  later  are  more  complicated  than  this 
simple  example  but  utilize  the  same  pattern  of  logic.  In  the  hazard  analysis  protocols  presented  later, 
because  they  are  more  complicated,  each  box  may  represent  several  considerations  that  are  grouped 
into  one  topic  box  for  ease  in  presentation.  In  formulating  the  various  protocols,  we  attempt  to 
determine  what  information  is  needed.  The  result  of  this  protocol  phase  is  a  flow  chan  (or  series  of 
flow  charts),  and  a  list  of  what  information  is  required.  The  list  tells  what  information  is  needed;  the 
flow  chart  tells  when  the  information  is  needed.  In  many  cases  a  piece  or  type  of  information  is  not 
needed  because  we  are  in  a  different  part  of  the  flowchart. 
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I -  SLEEP 

Fig.  7.  Example  of  Hazard  Analysis  Protocol. 

4.1.2.  Phase  2.  Determine  Hazard  Manning 

The  hazard  maps  transform  a  list  of  information  to  curves  on  plots,  and  shows  the  location  of  the 
various  curves  relative  to  each  other.  The  purpose  of  this  phase  is  to  show  how  you  are  going  to  use 
the  information  the  flowchart  said  was  needed.  We  use  the  plots  with  their  information:  (a)  to 
understand  phenomena,  (b)  to  compare  the  hazard  response  with  anticipated  threat  to  determine 
vulnerability,  (c)  to  aid  in  design  predictions,  (d)  to  help  select  and  predict  the  response  of  large  scale 
tests,  and  (e)  to  indicate  what  further  data  are  needed. 

This  chapter  will  present  the  hazard  analysis  protocols  and  a  hazard  mapping  for  for  the  fragment 
impact  example.  Chapter  5  will  continue  the  process  by  assessing  existing  lest  methods  and  analyses 
for  all  hazard  threat  areas. 

4.1.3.  Phase  3.  Assess  Existing  Techniques  (Experiments  and  Analyses) 

The  listing  of  the  phases  of  the  process  are  in  priority  order:  note  that  assessment  of  existing  tests 
comes  after  you  have  determined  what  information  you  want,  why  you  want  it,  and  how  and  when 
you  are  going  to  use  it.  In  evaluating  proposals  for  "Insensitive  Munitions"  work,  all  too  often,  we 
see  people  essentially  start  with  their  existing  experimental  tests  and  analyses  and  try  to  bend  them  to 
the  "Insensitive  Munitions”  effort.  Unfortunately  in  many  cases,  the  efforts  are  irrelevant;  we  cannot 
use  the  data.  But  having  done  the  hazard  protocol  and  plots  phase,  we  know  what  information  we 
need  and  how  we're  going  to  use  it.  Then  we  seek  how  we're  going  to  obtain  the  data.  Our 
assessment  of  existing  experimental  test  methods  includes,  for  each  tesl: 

•  What  is  the  test  -  The  description  would  include  a  brief  description  of  the  test. 

•  What  does  the  test  measure? 

•  flow  docs  the  test  measure  the  desired  phenomena? 

•  What  are  tlie  advantages  of  the  technique?  How  well  does  it  measure  the  hazard? 

•  What  are  the  limitations  of  the  technique? 

Similar  consideration  is  given  to  the  various  analyses  within  each  area. 

4.1.4.  Phase  4,  Identify  Deficiencies 

Identify  deficiencies.  The  above  phase  identified  deficiencies  of  the  individual  lest  techniques  and 
analyses.  This  phase  identifies  deficiencies  in  the  application  of  the  techniques  of  Phase  3  as  well  as 
other  deficiencies  of  the  program: 
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•  Do  we  lack  needed  data? 

•  Do  we  lack  needed  tests  and  analyses?  Phase  3  may  have  1  radicated  that  we  have  no  viable 

technique  for  assessment. 

•  Do  we  lack  instrumentation? 

•  Do  we  lack  consistency  between  investigators  and  establishments? 

•  Where  we  cannot  reach  consensus,  can  we  at  least  identify  and  make  recommendations  as 

to  how  the  issues  may  be  resolved? 

Given  the  above  process,  the  various  hazard  situations  described  in  Chapter  3  will  be  examined.  It 
will  be  noted  that  the  hazard  -  Fragment  Impact  -  has  the  most  complete  analysis  according  to  the 
Hazard  Analysis  Protocol.  Other  hazard  threats  were  in  a  preliminary  stage  at  the  time  this  report  was 
written. 

4.2.  COOK-OIT/THERMAL  THREAT 

Originally  the  term  cook-off  was  reserved  for  the  situation  of  a  cartridge  within  a  gun  not  being 
initiated  by  the  bolt  but  igniting  after  heating  by  the  hot  barrel.  With  the  increasing  energy  content  of 
energetic  materials  the  meaning  of  ihe  term  cook-off  has  broadened  and  now  is  concerned  with  how 
munitions  react  to  thermal  stimuli  ranging  from  exhaust  impingement  or  fuel  fires  (fast  cook-off)  to 
bulk  heating  or  self  heating  (slow  cook-off).  The  thermal  gradients  dT/dx  and  heating  rate  dT/dt  arc 
the  prime  differentiations  between  fast  and  slow  cook-off  (other  than  heat  source).  Slow  cook-off 
reactions  are  bulk  heating  (very  low  dT/dx)  and  slow  heating  rate  (3  3°C/hr  in  U.S.  "standard"  slow 
cook-off  test  heating  rate).  Fast  cook-off  is  concerned  with  high  gradients  (several  hundred  °C/m)  ami 
high  rates  (hundreds  of  °CVm). 

A  preliminary  hazard  analysis  protocol  for  cook-off  has  been  developed  as  a  tool  to  recognize  and 
evaluate  the  hazard.  By  answering  the  questions  in  the  first  flow  chart,  Fig.  8,  with  a  yes  or  no 
answer,  one  ends  up  with  a  number  (1  -4)  or  a  lener  (A-D).  If  the  result  is  a  letter,  one  proceeds  to  a 
second  flow  chart,  Fig.  8.  Then,  in  the  same  way  one  finds  a  combination  of  a  letter  and  a  number. 
The  effect  and  response  time  is  estimated  by  reference  to  Table  4. 

The  questions  of  Fig.  8  are: 

•  Is  the  heat  source  direct-fuel  fire  (or  bon-fire),  or  exhaust  impingement? 

•  Is  the  ordnance  item  packed  in  its  shipping  container/storage  container? 

•  If  it  is  packed,  is  there  thermal  protection  by  flame  retardant  (direct  heating)  or  heat 

-fueling  (indirect  heating)? 

•  If  not  packed  does  ihe  motor  case  provide  thermal  protection  (e.g..  interne  scent  paint  or 

insulating  liner)  (direct  heating)  or  a  missile  heat  shield  (indirect  heating). 


i  f 

Fig.  8.  Preliminary  Hazard  Analysis  Protocol  for  Cook-Off. 

The  answers  to  these  questions  give  1-4  or  A-D  results  If  the  result  is  A,  B.CorD  then  the 
questions  of  Fig,  9  must  be  answered.  The  questions  include: 

•  Is  the  missile  assembled,  or  are  we  dealing  with  components? 

•  What  is  the  casing  material? 

•  Are  there  pressure  vents  designed  in  the  casing? 
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Fig.  9.  Continuation  of  Preliminary  Hazard  Analysis  Protocol  from  Fig.  8 
for  Responses  A,  B,  C,  or  D. 

Table  4  is  then  consulted  to  get  output  and  response  time.  The  protocol  is  illustrated  by  the 
following  example. 


Table  4.  Probable  Cook-Off  Reactions  for  the  Instances  Determined  in  Figs.  8  and  9. 


EXAMPLE 

A  fire  is  reported  in  a  relatively  isolated  store  house.  In  the  store  house  rocket  motors  arc  stacked 
in  standard  transport  packaging.  The  contents  of  a  587  liter  drum  of  a  highly  volatile  cleaning  fluid 
have  been  spread  out  over  the  floor  and  are  burning.  Because  an  inspection  team  recently  checked  the 
rocket  motors  in  the  store  house,  one  of  the  motors  is  still  out  of  its  packaging. 

Based  on  these  facts  one  has  to  answer  the  question,  if  it  is  advisable  to  send  in  a  fire  righting 
team  and,  if  so,  what  precautions  one  should  take. 

Following  the  flow  chan  one  has  to  decide  if  the  heat  source  is  working  directly  or  indirectly. 
Since  in  the  example  a  flame  engulfmem  is  present,  one  has  a  direct  heating  source.  Furthermore  the 
presence  of  one  unpackaged  rocket  motor  leads  to  box  C  or  D,  Because  consultation  of  the  first  chart 
led  to  a  box  with  a  letter,  one  has  to  continue  with  the  second  flow  chart. 

Since  no  warhead  has  been  fixed  on  the  motor  and  the  motor  has  a  full  metal  casing  without 
pressure  vents,  the  result  is  either  C6  or  Db. 
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By  applying  the  results  to  the  table  one  finds  that  the  possible  maximum  affect  is  a  violent  pressure 
development  which  will  occur  within  1-2  minutes  after  t he  flames  have  reached  the  un packaged  rocket 
motor.  If  only  packaged  rocket  motors  were  present,  it  would  take  about  half  an  hour  for  a  violent 
response  to  occur. 

4.3.  FRAGMENT  IMPACT  THREAT 

Figure  10  presents  in  cartoon  form  the  fragment  impact  situation  to  be  considered.  The  first  frame 
shows  the  fragment  (here  taken  as  a  blunt  raised,  5  gm  fragment  traveling  at !  500  m/s)  just  impacting 
a  .318  cm  thick  steel  case  backed  by  propellant.  Within  microseconds  of  the  moment  of  impact  a 
shock  wave  races  through  the  case  and  into  the  propellant  as  shown  in  the  second  frame.  During  the 
time  between  the  second  and  third  frame,  the  propellant  will  most  likely  react  to  the  shock 
transitioning  to  a  detonation,  or  not.  If  the  propellant  does  not  transit  to  a  detonation  (no  shock  to 
detonation  transition),  we  still  must  consider  the  effects  of  damage  and  the  penetration  mechanics  of 
the  fragment  into  the  case,  as  shown  in  the  third  frame.  Here  the  fragment  breaches  the  wall,  pushing 
debris  ahead  and  compressing  the  propcllam,  wilh  damage  to  the  propellant.  The  fourth  frame  shows 
the  hot  projectile  and  debris  at  rest  in  the  propellant.  This  is  obviously  one  possibility,  but  the 
fragment  also  could  have  exited  the  motor,  that  is,  gone  in  one  side,  through  the  propellant,  and  out 
the  other  side. 
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MOMENT  Of  IMPACT,  t  =0 
VEL  «=  1500  m/s  MASS  *  5  gm 
WALL  ,318  cm 


SHOCK  PHASE,  t  =  0  •  5  US 
SHOCK  WAVE  PROPAGATES 
THROUGH  CASE  INTO  PROPELLANT 
(POSSIBLY  CAUSING  DAMAGE  TO 
PROPELLANT) 


DAMAGE  PHASE,  t  *  5  -50  pS 
PENETRATING  IMPACT  DEBRIS 
DEFORMS  AND  DAMAGES  PROPELLANT 


REST  PHASE,  t  «  50  -?  MS 

HEAT  FROM  STOPPED  PROJECTILE  AND 
DEBRIS  CONDUCTED  INTO  PROPELLANT 

Hg.  10.  Fragment  Impact  Phases  Relating  to  Cased  Propellant. 

4.3.1.  Phase  1.  Fragment  Impact  Hazard  Analysts  Protocol 

These  various  phenomena  are  addressed  in  the  protocol  depicted  in  Fig.  1 1 


FRAGMENT 
MASS 

SIZE/SHAPE 
VELOCITY 

FUST 


IfRAGMENT^  I 

UNDAMAGED 

PROPELLANT 


a  vs  d  a 

1 

d  >  d  a 

PvsPj’ 

1 

p<pgo 

P.  -i-vs  web 

'XD 

d  <  d  c 


BALLISTIC 
LIMIT  OF 
CASE 


n  1 


x  n>  web 


,  DETONATION 
UNLIKELY 


DOT  DETONATION  EXTREMELY 

MAY  OCCUR  PROBABLE 

SEE  FIGURE  13 


Fig.  11.  Hazard  Analysis  Flowchart  for  Fragment  Impact, 
Prompt  Shock  to  Detonation  Transition. 
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Starting  with  a  fragment  (we  do  consider  multiple  fragments  below)  of  specific  mass,  size  and 
shape,  and  velocity  impacting  the  ordnance  item  (this  is  the  first  fragment  and  the  ordnance  item 
contains  undamaged  energetic  material),  the  first  consideration  is  the  characteristic  size  of  the  fragment 
(d)  compared  with  the  critical  diameter  (dcr)  of  the  energetic  material. 

Critical  diameter  is  the  smallest  diameter  of  a  cylindrical  bare  charge  that  will  sustain  a  steady-state 
detonation,  This  consideration  tells  you  whether  you  can  shock  a  sufficient  area  to  cause  and  sustain 
detonation.  While  this  is  usually  not  a  design  consideration  for  high  explosives  since  most  high 
explosives  have  small  critical  diameter,  it  is  an  important  design  consideration  for  solid  propellant 
rocket  motors  This  is  especially  true  for  high  performance  minimum  smoke  propellants  and  high 
performance  high  bum  rate  propellants.  Not  only  do  high  explosives  usually  have  smaller  critical 
diameters  for  the  bare  charge  they  are  usually  heavily  confined  in  bombs  or  v/arheads.  The  effect  of 
confinement  is  to  reduce  the  effective  critical  diameter.  In  contrast,  the  confinement  offered  bv  motor 
cases  is  much  less,  but  must  also  he  considered. 

Many  propellants  have  critical  diameters  of  several  tens  of  centimeters,  and  are  loaded  in  motors  of 
l.V.  20-.  and  33-centimeters  diameter.  The  likelihood  of  being  able  to  shock  enough  area  to  cause 
detonation  of  these  propellants  is  very  remote.  While  they  may  react  violently,  they  will  not  detonate. 
In  recent  years,  in  order  to  achieve  higher  performance  or  reduced  plume  signature,  increased  amounts 
of  nitramines  and  energetic  binder  have  been  considered  for  propellants.  Smaller  critical  diameters 
(less  than  2  cm  in  some  cases)  result  from  the  use  of  nitramines  and  energetic  binders,  and  now 
comparison  of  the  fragment  size  to  the  critical  diameter  must  be  made  If  the  fragment  is  as  large  as  or 
larger  than  tlie  critical  diameter,  then  other  issues  need  to  be  considered.  Two-  and  three-dimensional 
effects  are  obviously  important  and  must  be  considered.  For  the  sake  of  simplicity  in  providing  an 
example  of  the  protocol,  these  important  considerations  arc  not  discussed  here. 

The  critical  diameter,  while  a  convenient  way  to  discuss  dctonabilitv  of  cylindrical  charges,  has 
limitations  when  tiying  to  determine  the  detonahility  of  propellant  grains,  especially  when  they  have  a 
center  perforation.  When  a  solid  cylindrical  charge  of  less  than  critical  diameter  is  overboos  led  the 
detonation  "dies  out"  after  some  length  (although  for  some  ammonium  perchlorate  based  propellants  it 
may  take  lengths  of  several  diameters  for  the  detonation  lodie  out).  However,  when  tlie  same  test  is 
performed  with  a  similar  cylinder  having  an  axial  perforation,  the  entire  sample  may  detonate.  A 
discussion  of  possible  causes  is  contained  in  Annex  II. 

These  effects,  and  others,  are  more  fully  discussed  in  Section  5.5. 

We  next  consider  what  pressure  is  imparted  to  the  energetic  material  as  a  result  of  the  impact  and 
transmission  through  the  case,  liner,  and  insulator  (p).  This  pressure  and  its  associated  time  must  be 
compared  to  the  minimum  pressure-time  required  to  detonate  the  energetic  material  (p*).  If  the 
stimulus  pressure  is  over  this  threshold  pressure  (labeled  as  Pgo.  pressure  required  to  produce  a  "go" 
in  undamaged  material),  then  detonation  is  obviously  possible  and  one  more  consideration  is  required. 
If  the  pressure  is  not  sufficient  to  cause  prompt  detonation,  the  propellant  grain  may  be  significantly 
damaged  and  ignited  and  a  deflagration  to  detonation  (DDT)  reaction  may  occur  (see  Section  5.5.2). 

For  the  given  stimulus  pressure,  the  run  distance  to  detonation  (Xo)  needs  to  be  known  and 
compared  to  the  energetic  materia)  dimensions  (for  example  propellant  web  thickness)  If  the  run 
distance  is  less  than  the  dimension  of  the  energetic  material,  then  a  detonation  is  very  likely. 

Often  in  the  past  the  response  of  undamaged  energetic  material  to  a  given  shock  input  that  roughly 
corresponded  to  some  threat  was  the  extent  of  consideration;  however,  work  with  damaged  energetic 
materials  indicates  that  the  above  considerations  are  not  adequate.  Work  with  pressed  explosive 
charges  indicates  that  the  more  porous  the  explosive,  the  more  sensitive  it  is  (Fig.  12). 

Recent  work  on  the  effects  of  damage  on  shock  sensitivity  of  propellants  showed  that  damage  of  1 
to  4%  voids  can  have  a  very  significant  effect  on  sensitivity,  in  some  cases  decreasing  the  critical  ini¬ 
tiating  pressure  by  40%  and  decreasing  the  critical  diameter  by  a  factor  of  25.  The  strain  levels  and 
strain  rates  required  to  produce  this  damage  were  modest,  in  some  cases  being  the  strain  level  and 
suain  rate  that  the  propellant  would  experience  on  motor  pressurization  during  ignition.  Storage  and/o 
rough  handling  can  also  produce  voids  in  Ihe  propellant,  also  increasing  its  sensitivity  (see  also  A-III). 

Because  of  the  critical  effeci  of  damage  aiuVor  porosity  on  the  initiating  pressure  required,  and 
since  in  a  sympathetic  detonation  scenario  multiple  fragment  impacts  (both  simultaneous  and  sequen¬ 
tial)  are  highly  probable,  the  flow  chart  of  Fig.  1 1  musl  also  be  considered  in  terms  of  damaged  ener¬ 
getic  materials  ShtKk-to-detonalion  transition  (SDT)  with  decreased  critical  initialing  pressure  and 
decreased  critical  diameter  may  result  from  shocking  damaged  propellant.  (For  example,  a  propellant 
when  tested  in  the  NOL  card  gap  test  in  the  undamaged  state  gave  70  U  S.  cards  (equivalent  to 
17.8  mm)  or  less,  while  the  propellant  with  1  %  voids  gave  greater  than  70  cards,  in  the  card  gap  test. 
Another  propellant  in  its  undamaged  state  had  a  critical  diameter  estimated  to  be  over  1  m.  r  et  with 
about  1-4%  damage,  it  "wem”  in  the  card  gap  lea,  indicating  a  critical  diameter  for  the  damaged 
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maicri&l  to  be  leas  than  38  nsn.)  The  above  considerations  are  all  part  of  the  shoek-to-detonation 
transition  (SDT)  technical  area  (discussed  in  Chapter5). 
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Fig.  !  2.  Large-Scale  Gap  Test  Gap  Pressure  for  Pressed  Charges  of 
Organic  Explosives  (Naval  Surface  Weapons  Center  MP-8 1-399,  1981). 

Another  possibility  leading  to  detonation  involving  highly  damaged  propellant  would  be  that  the 
subsequent  fragment  ignited  the  damaged  energetic  material  and  a  deflagraiioo-to-detonaiion  transition 
(DDT)  ensued.  Yet  another  possibility  is  that  ignition  of  the  damaged  energetic  propellant  may  result 
in  a  pressure  burst  of  the  case  that  hurls  chunks  of  energetic  material  into  bulk  heads  or  other 
structures  and  results  in  a  delayed  shock-to-dctonation  transition  (XDT)  (thought  to  be  the  cause  in  at 
least  two  incidents  involving  propellant  detonation  during  testing  of  propulsion  systems).  Because  of 
the  increased  sensitivity  and  increased  opportunities  for  detonation,  testing  of  damaged  energetic 
materials  must  be  done,  as  well  as  testing  of  the  undamaged  materials. 

The  type  and  extent  of  damage  (Chapter  5.4. 1 3).  and  its  effect  on  SDT,  is  an  important 
consideration. 

In  another  path  (in  Fig.  1 1 ,  the  path  indicated  starting  with  "bsUlistk  limit  of  case")  leading  to 
extremely  violent  reaction  (and  to  detonation  in  some  cases),  the  sire  of  the  fragments  is  less  than  the 
critical  diameter  of  the  energetic  material  so  that  prompt  shoick-u>-deionaiion  transition  of  the  impacted 
round  is  unlikely.  Penetration  mechanics,  ignition,  arvd  venting  must  be  considered  to  estimate 
whether  an  explosion  might  occur.  If  the  mass  and  velocity  of  the  fragment  exceeds  the  ballistic  limit 
of  the  case,  the  next  question  is,  by  how  much?  The  ballistic  limit  of  the  case  is  the  velocity  of  a  given 
fragment  that  will  result  in  penetration  of  the  case. 

If  the  velocity  greatly  exceeds  the  ballistic  limit  of  the  case,  the  fragment  may  completely  pass 
tiuough  the  ordnance  item  and  not  deposit  enough  energy  to  cause  reaction.  Whether  or  not  ignition 
occurs  for  those  instances  where  the  fragment  passes  entirely  through  the  motor  depends  largely 
(tlKwgh  not  entirely)  cm  the  propellant.  Many  ammonium  perchlorate  based  propellants  will  ignite 
while  many  of  the  niuamine  based  propellants  will  not.  However,  if  the  fragment  does  nor  exit  the 
ordnance  device,  the  fragment  may  have  ( 1 )  lodged  in  the  energetic  material,  or  (2)  barely  exceeded 
the  ballistic  limit,  contacting  the  energetic  material  but  blocking  the  hole  (no  vent).  In  any  instance, 
die  critical  consideration  is  wlicther  ur  not  ihe  energetic  material  ignites.  If  the  material  igruies.  the 
next  question  is  w  hether  the  gaseous  reaction  products  vent  fast  enough  to  avoid  an  explosion.  This 

involves  consideration  of  the  burning  rale,  r,  burning  area,  At»  and  resuiting  pressurization  rate,  p, 
coupled  with  considerations  of  the  confinement.  If  not  vented  fast  enough,  explosion  of  the  round 
w  ill  probably  result.  This  explosion  could,  in  turn,  accelerate  large  pieces  of  case  that  might  be  of 
sufficient  sire  aid  velocity  to  cause  detonation  in  adjacent  rounds,  or  accelerating  pieces  of  propellant 
that  upon  impacting  result  in  XDT.  The  various  questions  in  this  path  are  shown  in  Fig.  13.  [NOTE: 
If  in  a  test  there  is  no  apparent  ignition,  investigators  need  to  wait  a  while  before  running  out  to 
examine  the  hardware.  Violent  explosions  have  occurred  in  tens  of  minutes  of  apparently  no  reaction 
1  f 
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Fig.  !  3  Hazard  Analysis  Flowchart  for  Fragment  Impact,  Violent  Explosion. 


From  the  above  (very  cursory  and  simplified)  discussion,  a  list  of  parameters  that  need  to  be 
known  can  be  assembled.  These  include: 


•  critical  diameter  of  energetic  material  v  for  damaged 

•  critical  initiating  pressure  of  energetic  materials  >  and  undamaged 

•  pressure,  run  distance,  time  relationships  J  samples 

•  ballistic  limit  of  case 

•  mechanical  response  of  case,  and  confinement  offered  by  case 

•  igniiability  of  propellant 

•  bum  rate  characteristics  of  propellant 

•  high  strain  rate  mechanical  behavior  of  propellant  as  it  determines: 

•  damage 

•  area  available  for  burning 

•  thermochemistry  and  energetics  as  they  detenrtine  pressure  rise  rate  in  DDT  and  explosion 

(includes  equations  of  state) 

it  must  be  noted  that  uie  above  is  a  simplified  presentation.  Each  of  die  boxes  in  the  flow  chair 
embodies  many  separate  rcseareh  programs.  Space  precludes  a  detailed  listing. 

4  3.2.  Phase  2.  Fragment  Impact  -  Hazard  Map 

Figure  14,  a  plot  of  fragment  mass  and  fragment  velocity  (these  parameters  along  with  size/shape 
were  the  input  to  the  Hazard  Analysis  Flowchart  of  Figs.  1 1,  13),  presents  several  lines  representing 
information  identified  as  necessary  in  the  test  protocol.  This  plot  is  a  generalized  depiction.  The 
subsequent  chapter  describes  how  the  exact  location  of  the  lines  are  determined.  In  order  of  time 
sequence,  the  first  consideration  of  the  fragment  hitting  the  motor  was  the  formation  of  a  shock  wave, 
and  whether  the  shock  wave  has  sufficient  strength,  area,  and  duration  to  cause  a  detonation.  This  is 
depicted  by  die  area  on  the  upper  right  hand  of  the  map.  Combinations  of  mass  and  velocity  to  the 
tight  of  the  line,  result  in  detonation.  The  extent  of  this  region  is  ameliorated  by  critical  diameter 
considerations. 

If  the  shock  wave  does  not  cause  detonation,  the  next  consideration  is  the  penetration  of  the 
fragment  into  the  motor.  Obviously  there  are  some  low  value  combinations  of  fragment  mass  and 
velocity,  where  nothing  happens,  The  fragment  does  not  penetrate  the  case  and  causes  no  reaction. 

For  some  combinations  of  mass  and  velocity  there  is  sufficient  energy  to  penetrate  the  case.  This 
baliistic  limit  is  shown  on  the  plot  as  the  "13. L."  curve. 

Another  line  on  the  plot  is  the  ignition  line.  There  are  several  possibilities.  The  simplest  is  that  the 
fragment  pierces  the  case  and  comes  to  rest  in  the  propellant.  In  die  map,  there  may  be  separation 
between  the  ballistic  limit  line  and  ignition  line  reflecting  that  a  projectile  may  get  through  the  case  but 
not  have  sufficient  thermal  energy  to  cause  ignition  (this  may  occur  with  composite  motor  cases  and/or 
hard  to  ignite  propellants  and/or  ai  low  temperatures).  In  some  rare  instances,  investigators  (Sewell. 
tVS2j  have  found  the  ignition  line  to  the  left  of  the  ballistic  limit  line.  In  these  cases,  the  fragment  did 
not  pierce  the  case,  but  did  enough  work  in  deforming  the  case  or  producing  spsil  that  the  energetic 
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material  ignited.  This  has  been  observed  with  steel  cover  plate  bonded  to  a  CT>B  propellant  This 
seems  to  be  more  of  an  issue  with  heavy  wall  cases,  such  as  in  a  warhead  or  bomb. 


projectile 

MASS 


PROJECTILE  VELOCITY 

Fig.  14.  Generalized  Hazard  Maps  for  Fragment  ImpacL 


Once  die  propellant  is  ignited,  if  the  gases  produced  by  burning  cannot  be  vented  fast  enough  (by 
noz2le,  entry  hole,  vent,  or  pressure  burst),  an  explosion  is  very  likely.  This  is  the  shaded  area  of  the 
ploL  If  ihe  vent  area  is  large  enough  -  to  the  right  of  the  ''vent''  line,  then  the  piopcllant  will  bum  but 
not  cause  an  explosion.  In  many  instances,  especially  with  hard  to  ignite  propellants,  the  fragment 
passes  completely  through  the  motor  and  no  reaction  or  a  mild  bum  occurs.  Thus,  to  the  right  of  the 
vent  line  and/or  the  line  marked  "2  B.L.".  a  region  of  no  reaction  or  mild  reaction  may  be 
encountered.  { Note:  A  bum  and/or  propulsion  reaction  is  acceptable  according  to  U.S.  "Insensitive 
Munitions"  goals  since  it  is  milder  than  explosion  oi  detonation.] 


The  location  of  these  lines,  and  their  position  relative  to  other  lines  is  a  funclion  of  the  motor  case, 
the  propellant,  the  temperature,  degree  of  damage  of  the  propellant  and  many  other  factors. 


The  next  chapter  will  more  fully  discuss  how  these  parameters  are  obtained. 


4.4.  BULLET  IMPACT 


Bullet  impact  is  very  similar  to  fragment  impact  in  both  die  hazard  protocol  and  hazard  map. 
although  some  investigators  believe  that  the  primary  bullet  impact  hazard  response  is  explosion  -  the 
bullet  ignites  the  propellant  but  does  not  provide  sufficient  vent  or  burning  -  not  detonation.  Increased 
number  of  investigators  have  results  where  detonation  resulted  from  impact  of  a  bullet  (kinetic  energy 
only  not  a  bullet  having  an  explosive  charge).  In  the  case  of  bullets  having  an  explosive  charge  •  e.g.. 
23  mm  HEI  -  a  detonation  can  be  obtained-  Obviously  die  shape  of  a  bullet  must  also  be  considered:  it 
is  easier  for  a  bullet  to  penetrate  the  motor  case  (and  perhaps  translate  through  the  propellant  and  out 
die  other  side)  than  a  ''chunky"  fragment  of  equal  mass  and  equal  velocily. 

Variation  of  response  can  be  caused  by  deviation  in  path  from  the  straight  path.  Response  may  be 
worst  for  fragments  over  bullet  for  equivalent  mass  and  velocity. 

4.5.  SYMPATHETIC  DETONATION 

Much  of  what  has  been  presented  so  far  leads  to  consideration  of  mass  reaction  or  sympathetic 
deconauon  of  munitions.  Up  to  this  poini  this  AGARDograph  has  presented  various  possible 
reactions  and  output  levels  of  a  single  motor  or  munition  responding  to  stimuli.  However  severe  the 
detonation  of  one  muniuon,  it  is  not  the  major  concern.  Our  major  concern  is  whether  dial  detonation 
can  cause  propagation  of  detonation  to  adjacent  stores.  Those  adjacent  stores  can  be  on  the  launch 
platform  (tank,  ship,  aircraft),  in  some  transportation  configuration  (rail  cars,  trucks),  in  storage 
magazines  or  in  the  manufacturing  areas. 
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Unfortunately,  while  massed  reaction  (with  sympathetic  detonation  as  the  most  severe  mass  reac¬ 
tion)  is  what  we  try  to  prevent  or  mitigate,  we  have  little  understanding  of  the  area.  Some  calculations 
and  experiments  have  heen  made  for  propagation  of  detonation  front  one  base  charge  to  another  as  a 
function  of  distance  between  the  charges,  and  collocated,  heavily  confined  explosive  charges  with 
charge  separation,  case  thickness,  attd  various  barrier  materials  (Howe  ct  al,  1981).  These  calcula¬ 
tions  help  us  understand  propagation,  but  it  is  hard  to  extrapolate  these  results  to  multiple  pallet  loads 
of  munitions,  or  to  a  magazine  full  of  a  mixture  of  munitions  (sec  for  example  Howe,  1987;  Swisdak 
et  al,  1987;  Dyer  et  al,  1985;  Parsons  et  al,  1988;  Lucht  and  Hantcl,  1988;  and  Moore,  1988). 

The  reason  that  we  don't  have  encompassing  and  comprehensive  treatment  of  sympathetic  detona¬ 
tion  is  that  the  area  is  very  complex  with  complicated  geometric  and  dine  considerations.  The  initial 
donor  event  can  result  from  shock  to  detonation  transition,  deflagration  to  detonation  transition,  XDT. 
cook-off,  or  explosion,  as  presented  in  the  earlier  sections.  Each  of  these  areas  is  complicated  in 
itself  Thus  we  must  he  concerned  with  the  propagation  i mo  a  complex  situation  from  an  event  that  is 
complicated.  This  can  be  seen  in  the  following  example. 

Example.  A  fire  starts  in  one  area  of  a  munition  storage  area.  The  fire  can  cause  several  reactions 
(c.g.  inadvertent  ignition  of  a  motor,  cook-off  of  a  motor,  cook-off  of  a  warhead,  etc,).  Each  of  these 
possible  reactions  can  cause  other  subsequent  reactions.  In  this  example,  let  us  consider  the  ignition 
and  propulsion  aspect.  If  the  motor  ignites  and  the  munition  goes  propulsive,  again  several  possibiii  - 
tics  can  occur  (e  g.  it  hits  nothing,  it  hits  other  munitions,  it  hits  a  bulkhead  or  some  other  obstruction 
and  perhaps  undergoes  an  SDT  or  XDT  reaction,  etc.).  Again,  each  of  these  possibilities  can  cause 
other  subsequent  reactions.  In  this  example,  let  us  consider  that  the  missile  hits  other  missiles.  Again 
several  possibilities  arise  (e.g.  the  impact  causes  prompt  initiation  of  detonation  of  the  impacted  muni¬ 
tion,  the  impact  does  not  cause  detonation  but  breaks  up  and/or  ignites  the  energetic  fill  in  the  muni¬ 
tion,  die  impact  docs  not  cause  detonation  but  ignites  the  propellant  causing  this  impacted  missile  to  go 
propulsive,  etc  ).  Again  each  of  these  possibilities  can  cause  other  subsequent  reactions.  Let  us  take 
the  case  where  the  impact  did  not  cause  prompt  detonation  but  broke  up  the  propellant  or  explosive 
and  ignited  it  with  several  possibilities  (bum,  explosion,  deflagration-to-detonation  transition).  As 
before,  each  of  these  reactions  can  have  several  subsequent  reactions  and  the  process  can  continue  in 
several  paths,  many  that  can  lead  to  sympathetic  detonation. 

The  above  was  just  one  situation  with  a  multiplicity  of  possible  paths  and  reactions.  Many  other 
initial  situations  exist  (c.g.  rather  than  a  fire,  the  initial  situation  may  have  been  detonation  of  enemy 
warhead,  explosion  of  one  of  your  own  warheads,  electrostatic  discharge  causing  inadvertent  ignition, 
etc.),  and  for  each  of  these  situations  many  possible  paths  and  reaction'  also  exist. 

The  many  initial  starting  situations,  and  vast  multitudes  of  subsequent  paths  and  reactions  make 
any  consideration  of  sympathetic  detonation  very'  complicated.  The  complexity  is  further  compounded 
because  of  the  individual  probabilities  associated  with  branching  of  the  paths,  and  with  each  reaction. 
In  part  because  of  this  complexity  of  myriad  paths,  reactions,  and  probabilities,  consideration  of  sym¬ 
pathetic  detonation  often  centers  on  defining  the  maximum  credible  event  and  then  applying  quantiiv- 
distance  considerations. 

For  any  given  scenario  in  which  an  explosive  event  might  occur,  it  is  important  to  know  what  the 
worst  possible  event  could  be  so  that  proper  protection,  preventive  measures,  and  precautions  can  be 
involved  to  either  prevent  me  occurrence  or  lessen  the  magnitude  of  its  effects.  The  term  used  to 
express  this  worst  case  is  Maximum  Credible  Event  (MCE),  The  U.S.  Department  of  Defense 
Explosives  Safety  Board  defines  MCE  by  "In  hazards  evaluation,  the  MCE  from  a  hypothesized  ace  i- 
dental  explosion,  fire  or  agent  release  is  the  worst  single  event  that  is  likely  tc  occur  from  a  given 
quantity  end  c,i.7''sition  of  ammunition  and  explosives.  The  event  must  be  realistic  with  a  reasonable 
probability  of  occurrence  considering  the  explosion  propagation,  bunting  rate  characteristics,  and 
physical  protection  given  the  items  involved.  The  MCE  evaluated  on  these  bases  may  then  be  used  as 
basis  for  effects  calculations  and  casualty  predictions," 

Within  the  U.S.  the  various  military  services  have  concerns  regarding  sympathetic  detonations  ct 
munitions  and  consequently  each  has  performed  large  scale  tests  to  determine  the  MCE  of  various 
storage  arrangements  of  various  munitions.  When  the  explosion  effects  exceed  the  tolerable  limits  tor 
a  service’s  operational  or  logistic  scenario,  tests  have  been  conducted  on  techniques  to  reduce  the 
MCE  to  an  event,  the  explosive  effects  of  which  are  tolerable.  A  more  thorough  discussion  of  MCE  i 
presented  in  Swisdak  et  al,  NATO  AC/310  CP-001,  March  1987. 

The  definition  of  MCE  talks  of  "quantity  and  disposition."  Disposition  considerations  include 
both  arrangement  of  items  in  the  immediate  locale  (e.g.  a  number  of  munitions  on  a  pallet,  or  oil 
several  contiguous  pullets)  and  llte  separation  between  such  locations.  The  number  of  items  and  their 
explosive  weights  in  each  locale  are  the  quantity  and  the  separation  between  such  locations,  such  that  a 
detonation  will  not  propagate  between  locations,  is  the  "distance"  in  "quantity-distance 
considerations. 
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Probably  the  first  Systematic  experimentation  on  determining  quantity-distance  relationships  was 
carried  ou;  by  Burlot  (1930).  Jarrett  (1968)  presented  an  excellent  discussion  of  the  extension  of 
Burlot's  work  and  the  derivation  of  the  British  explosives  safety  distances,  while  in  the  same  publica¬ 
tion  Roylance  (1968)  presented  the  quantity-distance  protection  considerations  for  the  U.S.  (as  well  as 
presenting  some  historical  background).  Since  those  articles  were  written,  progress  has  obviously 
been  made  but  these  articles  still  provide  well  written  backgrounds  as  well  as  empirical  relationships 
(albeit,  somewhat  dated). 

In  order  to  standardize  considerations  and  to  use  the  vast  amount  of  data  on  which  ihe  older 
quantity-distance  tables  are  based,  the  explosive  weight  is  often  reduced  to  a  "TNT  equivalence."  The 
TNT  equivalency  of  a  particular  energetic  material  is  the  weight  of  TN  I'  (usually  expressed  as  a  per¬ 
cent  of  the  total  energetic-  material  weight)  required  to  produce  a  shock  wave  of  equal  magnitude  to  that 
produced  by  a  unit  weight  of  the  energetic  material.  (NOTE:  IT  ere  are  several  TNTequivaler  ts  for  a 
given  material  depending  on  whether  the  equivalency  is  based  on  peak  overpressure,  positive  impulse, 
time  of  arrival,  etc.  The  equivalency  also  varies  as  a  function  of  the  distance  front  the  charge.  These 
considerations  arc  beyond  the  scope  of  this  volume.) 

As  an  example  of  TN  T  equivalence  consider  a  magazine  containing  20  missiles,  with  each  missile 
having  a  20  kilograms  warhead  with  120%  TNT  equivalence  and  a  100  kilogram  motor  with  40 
TNT  equivalence.  If  a  simultaneous  detonation  should  oc  cur  the  net  explosive  quantity  (NF,Q)  is 

20  warheads  x  20  kg  x  1 .20  =  480  kg 

20  motors  x  100  kg  x  .40  -  800  kg 

NEQ  =  1280  kg  TNT 

With  this  explosive  quantity  the  estimates  of  damage,  vulnerability,  and  quantity/distance  ratios  can  he 
determined. 

The  above  discussion  is  obviously  very  simplified  but  a  full  discussion  of  this  complicated  sympa¬ 
thetic  detonation  event  is  beyond  the  scope  of  this  AGARDograph.  More  detailed  discussions  C3n  tv 
found  in  the  minutes  of  the  various  Explosive  Safety  Seminars  sponsored  by  the  U.S.  Depanmem  of 
Defense  Explosive  Safety  Board  (Chick  and  Bussell,  1987). 

4.6.  ELECTKOS 1  AT1C  DISCHARGE  (ESDI 


'Die  ESD  hazard  analysis  flowchart  (Eig.  15)  provides  a  framework  of  questions  and  criteria 
a  liich  can  be  used  to  assess  the  response  of  a  weapon  system  to  Electrostatic  discharge.  Basically, 
the  protocol  is  divided  into  three  parts:  ( 1 )  charge  generation  and  accumulation;  (2)  propellant  know ! 
edge;  and  (3)  mechanism  of  energy  dissipation  or  discharge.  The  assessment  proceeds  through  a 
series  of  logical  questions  and  where  appropriate,  limiting  conditions  tore  defined.  The  statements 
marked  (*)  indicate  the  need  for  quantitative  data.  The  basic  premise  is  the  comparison  of  the  maxi¬ 
mum  available  parameters,  for  any  conditions,  with  the  minimum  ignition  of  the  most  sensitive  or 
vulnerable  system  component.  Thus,  there  is  a  need  to  give  consideration  and  to  make  measurements 
over  the  range  of  parameters  and  conditions  that  will  be  relevant  during  the  service  life  of  the  weapon. 

In  Fig.  15,  the  first  question  one  asks  to  assess  the  ESD  hazard  of  a  rocket  motor  is:  what  is  the 
ease  material.  If  the  outer  case  is  conductive,  no  further  action  is  required.  However,  if  these  condi¬ 
tions  are  not  satisfied  then  it  is  necessary  to  proceed  further  through  the  protocol. 

Energy  can  be  generated  directly  on  the  surface  of  a  weapon  system,  or  on  other  sources,  such  to 
ivrsonnel  or  packaging  material  that  are  anticipated  to  be  in  the  vicinity  of  the  system.  The  volume 
resistivity  of  the  case  material  should  not  exceed  108  U-m.  under  all  conditions  of  temperature  and 
humidity  that  may  be  encountered;  similar  criteria  apply  toother,  adjacent  articles.  If  this  condition  is 
not  fulfilled  then  it  is  necessary  to  measure  the  rate  of  energy  accumulation,  which  implicitly  involves 
the  relative  permittivity,  and  finally  to  determine  the  levels  of  maximum  energy  (ME)  and  maximum 
voltage  (  Vmax).  again  under  service  conditions.  Specific  values  of  the  maximum  energy  and 
maximum  voltage  that  a  propellant  can  hold  is  a  function  of  propellant  composition  and  is 
experimentally  determined. 

The  second  pan  of  the  protocol  is  concerned  with  the  electrical  and  ignition  properties  of  energetic 
materials  and  components  in  the  weapon  system.  There  is  sufficient  evidence  to  conclude  that  solid 
propellants  which  contain  any  metal  particles,  aluminum  and  magnesium,  and  powerful  oxidizing 
agents  such  as  ammonium  perchlorate  and  teflon  (PTFE)  are  particularly  sensitive  to  ignition  by  elec¬ 
trical  energy,  and  any  system  that  contains  any  such  materials  must  be  regarded  with  suspicion. 
Energy  deposition  in  the  bulk  of  an  energetic  material,  and  consequent  mechanical  damage  or  thermo 
chemical  effects  leading  to  ignition  arc  the  result  of  either  high  initial  electrical  current  flow  or  dielec¬ 
tric  breakdown  followed  by  current  flow. 
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Fig.  15.  ESD  Hazard  Analysis  Protocol,  with 
P'can  =  ease  v°l|Jn>c  rcsistivity;  P  =  percolation  coefficient, 
311  =  relative  humidity,  Pc  ■  critical  percolation  coefficient, 
and  (dE/dt)a  =  rate  of  energy  accumulation. 
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Measured  values  of  the  resistivity  of  the  energetic  material  provide  an  indication  of  charge  mobility 
through  it,  and  calculation,  from  composition  parameters,  of  the  Percolation  coefficient  provides  an 
estimate  of  the  ease  of  breakdown  and  current  flow,  The  percolation  coefficient  is  defined  us  follows: 


p.  = 
1  imp 


Pn\  fwt%C\|dntl  Pb  wt%C  |  wt%n\ 
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wt%b 
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vol%C 

vol%nf 
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density  of  nonconducting  panicles 

density  of  conducting  panicles 

weight  percent  of  conducting  panicles 

weight  percent  of  finest  fraction  of  nonconducting  panicles 

diameter  of  finest  fraction  of  nonconducting  panicles 

diameter  of  finest  fraction  of  conducting  particles 

density  of  binder 

weight  percent  of  binder 

weight  percent  of  all  nonconducting  particles 

volume  percent  of  conducting  particles 

volume  percent  of  finest  fraction  of  nonconducting  particles 

volume  percent  of  binder 

volume  resistivity  of  the  binder  in  ft-m 


It  was  found  by  experiment  that  if  Pjmp  was  greater  than  lfl10£i-m  (pt),  the  propellant  was 
considered  potentially  hazardous  to  ESD.  In  the  final  part,  to  supplement  these  data,  measurement  of 
dielectric  breakdown  strength  (lie)  can  provide  an  assessment  of  the  significance  of  the  measured 
maximum  voltage  (Vmax).  or  potential  difference  across  the  material.  It  should  be  noted  that  the 
critical  electric  field  strength  for  breakdown,  and  duration  of  the  field,  which  may  he  intensified  by  the 
presence  of  points  or  sharp  edges,  appear  to  have  an  inverse  relationship. 

Measured  values  of  minimum  spark  ignidon  energy  for  the  energetic  material  content  of  a  system 
can  be  an  important  indicator  of  the  response  of  the  weapon.  Most  compositions  exhibit  an 
enhancement  of  sensitiveness  with  changes  in  a  variety  of  parameters;  temperature,  sample  size,  prior 
exposure  to  electric  field,  pressure,  duration  of  discharge,  humidity  and  repealed  discharge  are  all 
known  to  sigmficamiy  reduce  the  quantity  of  energy  necessary  for  ignition,  and  these  effects  require 
assessment  as  pan  of  any  characterization  exercise. 

Finally,  if  the  Minimum  Ignition  Energy  (M1E)  for  a  component  material  is  less  than  the  Maximum 
Available  Energy  (MAE),  and  if  maximum  voltage  levels  (Vmax)  will  cause  the  breakdown  field 
strength  (Ec)  to  be  exceeded,  then  the  hazard  of  an  ignition  exists.  In  addition,  although  the  need  for 
appropriate  precautions  is  well  understood,  the  hazard  from  ESD  to  firing  circuits  must  not  be 
overlooked. 


To  conclude,  for  any  component  or  system  dial  eontai..  '  enetgetic  material,  primary  and  secondary 
explosive,  pyrotechnics  and  propellants,  there  is  a  potential  ignition  risk  from  electrostatic  energy. 

The  above  scheme  is  intended  to  provide  a  logical  basis  for  the  assessnic:'  "f  this  risk,  to  allow 
adequate  safety  measures  to  be  adopted. 

4.7,  SHAPED  CHARGE  JF.T  IMPACT 

Shaped  charge  jets  represent  a  formidable  threat  to  munitions  due  tu  the  very  high  velocity,  high 
density  focused  jets  impacting  the  munitions.  It  is  important  to  understand  and  be  able  to  predict  the 
response  of  an  energetic  filling  to  a  shaped  charge  jet  with  a  view  to  controlling  the  event.  Hazard 
analysis  flowcharts  have  been  developed  by  M.  Chick,  R.  Frey,  11.  James  and  other  for  the  situation n 
of  shaped  charge  jets  impacting  (1)  bare  or  thinly  covered  energetic  materials  and  (2)  thick  covered 
energetic  materials.  These  hazard  analysis  flowcharts  arc  presented  in  Figs.  16  and  17  respectively. 

4.7.1.  Bare  or  Thinly  Covered  Eneruetic  Material 

This  area  is  concerned  with  responses  associated  with  shock  from  the  jet  impact  directly  upon  the 
surface  of  the  energetic  material  or  upon  a  thinly  covered  energetic  material.  Cover  thicknesses  are 
limited  to  a  few  jet  diameters  due  to  rarefactions  rapidly  eroding  the  small  diameter,  very  high  pressure 
shock.  Generally  the  critical  jet  velocities  are  on  the  order  of  507c  lower  than  the  covered  energetic 
material  category.  Under  some  situations  where  the  jet  diameter  is  much  smaller  than  the  critical  deto 
nation  diameter  of  the  energetic  materials  this  mechanism  can  fail  to  produce  detonation  ’  on  contact,'' 
but  jet  penetration  into  the  explosive  can  subsequently  produce  detonation  by  the  processes  described 
by  the  covered  energetic  material  category.  If  there  is  confinement  in  this  category  it  is  generally  light. 


The  hazard  analysis  flowchart  for  this  category  of  shaped  charge  jet  attack  is  shown  in  Fig.  1 6. 
Given  a  jet  of  given  velocity,  diameter,  and  density,  the  first  comparison  is  the  diameter  of  the  sample 
D  versus  the  critical  detonation  diameter,  <3^  (see  Section  5.7).  If  the  sample  diameter  is  less  than  the 
critical  diameter,  a  deflagration  or  minor  reaction  is  likely  to  ensue.  However,  if  the  sample  diameter 
is  larger  than  the  critical  diameter  a  detonation  may  ensue  and  other  considerations  must  be  made. 

The  next  comparison  is  the  critical  diameter  versus  the  jet  diameter.  If  the  critical  diameter  is  very 
much  larger  than  the  jet  diameter  then  again  deflagration  or  minor  reaction  are  the  most  likely 
possibilities.  If  the  critical  diameter  is  larger  than  the  jet  diameter,  detonation  does  not  occur 
immediately,  but  may  result  with  jet  penetration  as  mentioned  above  and  is  treated  using  the  heavily 
covered  flow  analysis  of  Fig.  17. 

If  the  critical  diameter  is  less  than  the  jet  diameter,  or  if  the  critical  diameter  is  only  moderately 
larger  than  die  jet  diameter  then  prompt  detonation  may  ensue  and  the  comparison  of  pressure 
imparted  by  the  jet  must  be  made  with  the  critical  pressure  pulse  required  for  initiation.  If  the  pressure 
is  sufficient  a  detonation  will  probably  result.  If  the  pressure  is  insufficient  the  effect  of  the  thin 
confinement  (if  present),  may  determine  whether  the  reaction  is  relatively  minor,  or  if  a  deflagration  to 
detonation  transition  might  occur. 

The  hazard  analysis  protocol  present  in  Fig  16  for  shaped  charge  jet  attack  on  bare  or  thinly 
covered  energetic  materik  is  very  similar  in  considerations  as  that  presented  earlier  for  fragment 
impact  (see  Sec  ion  4.6).  Thus,  the  parameters  measured  to  determine  the  likelihood  of  detonation 
reaction  to  fragment  impact  may  also  be  used  to  predict  detonation  due  to  shaped  charge  impingement. 

4.7.2.  Heavily  Covered  Energetic  Material 

This  classification  deals  with  the  initiation  and  failure  processes  associated  with  the  jet  penetration 
tlirough  the  cover  material,  air  gap  (if  present)  and  into  the  energetic  material.  Generally  jet  velocities 
for  the  detonation  threshold  in  this  area  are  much  higher  than  those  required  for  the  bare/tliinly  covered 
energetic  material  category.  Two  mechanisms  appear  to  be  involved:  initiation  from  the  bow  wave 
shock  from  supersonic  jet  penetration  of  the  energetic  material  and  subsonic  penetration  tor  larger 
diameter  jets.  Critical  run  to  detonation  distances  can  be  several  centimeters  or  greater.  This  system 
has  significant  confinement  which  can  effect  both  the  critical  jet  velocity  for  detonation  and  the  degree 
of  violence  of  the  nondetonative  reaction. 

The  hazard  analysis  flowchart  for  this  category  is  presented  in  Fig.  17.  The  first  consideration  is 
identical  to  that  of  Fig.  16  and  is  concerned  with  the  diameter  of  the  sample  and  its  corresponding 
critical  diameter.  If  the  sample  is  larger  Ulan  its  critical  diameter  then  a  detonation  nay  ensue. 

The  next  consideration  is  whether  or  not  an  air  gap  is  present  between  the  heavy  cover  material 
and  the  energetic  material.  If  a  gap  is  present  then  the  problem  can  be  treated  similarly  to  the  bare  or 
thinly  covered  energetic  material  and  the  flowchart  of  Fig.  16  used. 

If  an  air  gap  is  not  present  then  the  result  of  the  jet  penetration  bow  wave  must  be  made.  The  first 
consideration  is  the  pressure  produced  from  the  bow  wave  compared  to  the  critical  pressure  pulse 
required  for  detonation. 

If  the  pressure  is  less  than  that  required  for  detonation,  die  effect  of  confinement  must  be 
considered,  and  a  confinement  modified  critical  pressure  pulse  p'  considered.  If  the  pressure  from  the 
jet  is  not  greater  than  this  confinement  modified  threshold  pressure  then  deflagration  will  result  with 
either  low  order  or  deflagration  to  detonation  reactions  following. 

If  the  confinement  modified  threshold  is  less  than  the  pressure  from  the  bow  wave  then  detonation 
may  ensue,  as  it  might  if  the  pressure  had  been  higher  than  the  critical  pressure  pulse  (the  P  >  Pj  (dj, 
Pj)  path),  The  next  consideration  is  to  compare  the  sample  diameter  versus  the  run  distance  to 
detonation  (D  vs  x).  If  the  sample  diameter  is  less  than  the  run  distance,  then  deflagration  is  likely.  If 
the  sample  is  larger  than  the  run  distance  then  detonation  is  very  likely. 

The  previous  discussion  is  for  the  consideration  of  bow  wave  produced  by  supersonic  jets.  We 
earlier  mentioned  the  subsonic  penetration  of  large  diameter  jets.  Going  back  to  the  P  vs  P,  (dj,  pj) 
block,  and  the  large  dj  path  coming  from  that  block,  the  next  consideration  is  the  comparison  of  the  jet 
penetration  velocity  with  the  bulk  sound  speed.  If  the  jet  penetration  velocity  is  greater  than  the  critical 
velocity  then  detonation  is  likely,  ifless  then  deflagration  is  likely. 

From  the  hazard  analysis  flowchart  of  Fig.  17  several  considerations  must  be  made  to  determine 
whether  the  response  is  low  order,  deflagration  to  detonation,  or  prompt  detonation.  Chapter  5.7 
discusses  the  methods  used  to  obtain  the  data  required  in  these  considerations. 
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Fig.  17.  Hazard  Assessment  Flow  Chan  for  Category  'Bare, Thin  Covered 
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CHAPTER  5.  HAZARD  RESPONSE  TECHNICAL  AREAS 

Chapter  4  presented  the  system  ha2ards,  what  types  of  technical  data  are  required  to  address  the 
hazards  (the  various  hazard  analysis  protocols),  and  how  these  data  are  used  in  the  hazard  assessment. 
This  chapter  presents  a  more  technical  view  of  the  experimental  techniques  used  to  obtain  these  data, 
and  what  analytical  methods  are  required  to  use  the  data.  This  chapter  docs  not  contain  a  complete 
description  of  all  methods,  rather  illustrative  examples  are  given.  A  more  detailed  discussion  can  be 
found  in  NATO  Allied  Ordnance  Publication  7  (1982).  This  chapter  covers  thermal  explosion,  slow 
cook-off,  fast  cook-off,  ignition  and  deflagration,  detonations  (including  shock  to  detonation  (SDT), 
deflagration  to  detonation  (DDT),  delayed  detonation  (XDT),  and  low  velocity  detonation)  as  well  as 
the  role  of  damage,  penetration  mechanics  and  ballistic  limits,  and  electrostatic  discharge. 

5.1.  THERMAL  EXPLOSION 

The  contributions  of  the  Soviets  to  the  thermal  explosion  theory  are  most  important.  An  excellent 
review  is  given  by  two  Soviet  scientists,  A.  G.  Merzhanov  and  V.  G.  Abramov  (1981).  We  shall 
follow  this  review  closely. 

The  simplest  model  of  thermal  explosion  assumes  that: 

•  radiation  can  be  neglected; 

•  a  single  temperature-dependent  reaction  proceeds  in  the  reactant,  its  rate  being  independent  of 
the  reactant  concentration  (a  zero-order  reaction); 

•  the  temperature  is  uniform  throughout  the  reactant; 

•  all  the  parameters  of  the  process  (ambient  temperature,  shape  and  size  of  the  specimen,  heat 
exchange  with  surroundings,  etc.'  remain  constant  till  the  explosion  occurs. 

The  heat  balance  under  these  conditions  is  described  by  the  equation: 


„  dT  _  „  .  -E/RT  aS  _  _  .  ,  -  . . 

CPdT  =  Qpk^  -  v  (T  To)  (5.1) 

where  T  is  the  reactant  temperature,  t  is  time;  c,  r  are  heat  capacity  and  density  of  the  reactant;  Q,  ko 
and  E  denote  heat  of  reaction,  pre-exponential  factor  and  activation  energy  of  the  reaction, 
respectively;  a  is  the  heat  transfer  coefficient;  S  is  the  heat  transfer  surface;  V  is  the  reactant  volume: 

To  is  ambient  temperature. 

The  left-hand  side  of  Eq.  (5.1)  gives  the  rate  of  the  heat  accumulation  in  the  reactant;  the  first 
member  of  the  right-hand  side  is  the  rate  of  heat  generation  due  to  reaction,  the  last  member  is  the  rate 
ofheat  loss  to  the  surroundings.  The  principal  feature  of  Eq.  (5.1)  which  determines  the  characteristic 
properties  of  the  phenomena  is  the  very  strong  exponential  dependence  of  the  heat  generation  rate  on 
temperature. 

Semenov  (1928)  was  the  first  to  mathematically  analyze  the  heat  balance  equation  and  to  lay  the 
foundation  of  the  thermal  explosion  theory.  He  compared  the  dependences  of  heat  generation  and  heat 

loss  rates  on  temperature  in  the  “q-T"  diagram  (with  q  =  dq/dt  and  t  =  time)  (see  Fig.  1 8)  which  is 
often  called  the  Semenov  diagram  and  showed  the  regimes  cf  the  reaction  that  were  thermally 
possible: 


the  heat  generation  curve  qrc|  =  Q  •  p  •  kpe’T^T  intersects  the  heat  loss  straight  line 

qrem  =  nS/V(T  -  To)  in  the  region  of  low  temperatures  (curve  1 ,  Fig.  1 8)  at  these  conditions. 
The  reactant  will  always  be  maintained  at  the  temperature  which  corresponds  to  the  lower  point 
of  intersection  (Ti  in  Fig.  1 8).  This  temperature  is  close  to  the  ambient  temperature  Tp.  To 
realize  a  similar  regime,  the  difference  of  the  initial  reactant  temperature  from  To  should  not  be 
great  (the  initial  temperature  must  not  be  higher  than  Tj  corresponding  to  the  second 
intersection  point); 

the  heat  generation  curve  does  not  intersect  the  straight  line  of  heat  loss  in  the  low  temperature 
region  (straight  line  3).  The  superiority  ofheat  generation  rate  over  that  of  heat  loss  results  in 
progressive  self-healing  of  the  reactant  to  very  high  temperatures,  and  thermal  explosion 
occurs. 
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The  critical  condition  for  thermal  explosion  is  the  langency  between  the  heat  generation  curve  and  the 

heat  loss  straight  line  (straight  line  2).  The  rates  qrct  and  qran  and  their  derivatives  are  equal  in  the 
mngency  point  T*.  Hence  it  follows  that 

QpV  .  -FaRT.  ^  -r  . 

nS~*k(p  ”*T*-T0»  (5. la) 


Fig  18.  q-T  Diagram  of  Semenov,  192s. 

l-roill  the  equations  of  txith  heat  rates  and  the  derivatives  of  the  heat  rates  at  temperature  T.  it  follow  s 
that 


I’he  group  RT.  for  explosives  and  propellants  is  usually  much  less  than  the  activation  energy  K. 
Hence 


Q-p-V  E  E/KT„  1 

- * - «- 

aS  RTJ)  1 

Expression  (5.2)  gives  the  te actants  maximum  temperature  in  the  nonexplosive  regime.  The 
expression  shows  that  it  differs  from  the  ambient  temperature  by 


AT.- 


RT„ 


(5.41 


which  is  the  maximum  pre-explosive  (or  characteristic)  temperature  rise.  The  temperature  rise  for 
explosives  and  propellants  is  usually  of  the  order  of  1()-?0CC. 

5.1.1.  Induction  Period  of  Thermal  Explosion 

The  temperature-lime  history  of  the  reactant  as  is  seen  from  Hq.  (5. 1 ),  is  associated  with  the 
difference  between  heat  generation  and  heat  loss  rates.  The  smaller  the  amount  of  heat  transferred  to 
the  surroundings  the  faster  is  the  rise  of  the  reactant  temperature  and  the  sholer  is  the  time  to 
explosion.  Consider  the  case  where  heat  losses  are  negligibly  small  in  comparison  with  heat 
generation  (adiabatic  regime).  This  is  the  case  when  either  heat  loss  is  inhibited,  e.g.,  by  a  large  sire 
of  the  body  or  by  insulation,  or  temperatures  arc  high  and  lhe  heat  loss  rate  with  linear  dependence  ot 
temperature  becomes  small  as  compared  to  the  exponentially  growing  rate  of  heat  generation. 


! 


'Hie  reactant  temperature  at  the  beginning  of  the  induction  penod  is  not  necessarily  equal  to  the 
ambient  temperature.  The  initial  condition  for  this  equation  can  be  written  as: 

t  =  0.  T  =  Tj 

TodeS  (1933)  was  the  first  to  derive  a  solution  for  this  equation  as  an  exponential  integral  function. 
Frank-Kamenetsky  (1955)  utilized  the  exponential  transformation: 


-E/RT  EVRT0  E/RTfr  -  T0‘ 

e  =  e  •  e 


(5.5) 


where  To  is  the  temperature  in  the  vicinity  of  which  the  transformation  is 
effected,  and  obtained  an  approximated  expression  for  this  solution: 


v.  RT, 
r=T.  +  ^.ln  — 


1 


,  s.  E  e/rt, 

1-7 - H 

rt: 


The  exponential  transformation  here  is  performed  in  the  vicinity  of  the  initial  tempera  lure  T,.  As  is 
seen  from  this  expression,  a  temperature  rise  to  very  high  values  under  adiabatic  conditions  proceeds 
during  the  approximated  finite  time: 


-  C  Rif  E.-KT, 

lii~  Q  *  Eku  C  (5.6) 

This  time  is  actually  the  induction  period  of  thermal  explosion  tinder  the  adiabatic  conditions,  or  the 
adiabatic  induction. 

5.1.2.  Thermal  Explosion  and  Heat  Transter 

Semenov's  uniform  spatial  temperature  distribution  and  New  tonian  heat  transfer  to  the 
surroundings  arc  realized  when  heat  transfer  throughout  the  reactant  is  considerably  facilitated  us 
compared  to  the  heat  loss  to  the  surroundings.  Similar  conditions  of  heat  transfer  can  ho  ensured  by  .: 
small  size  of  the  specimen,  good  thermal  conductivity  of  the  reactant,  its  mixing  and  poor  contact  with 
the  heat  transfer  surface  Under  other  conditions,  the  heating  is  nonuniform  and  temperature  gradient' 
appear.  Thermal  explosion  with  temperature  gradients  within  the  reactant  was  first  treated  by  Trunk- 
Kamenetsky  (1939). 

To  describe  the  process  in  this  case,  the  equation  of  heat  conduction  with  continuously  distributed 
heat  sources  due  to  chemical  reaction  is  chosen  instead  of  the  heat  balance  equation: 


c,r*’jj-  =  Q*r*  k(pE'RTe('i)  +  div  k  grad  T  (5.7) 

where  \  is  thermal  conductivity.  Frank-Kamenctsky.  following  Semenov,  considered  the  case  of  ;t 
zero-order  model  reaction  with  jKn)  =  1-  All  the  principal  parameters  are  brought  into  a  complex 
designated  Fk: 


Fk  = 


,Qt 


E  H2 

U  RTo 


^iP 


-E/KT, 


(5.8) 


where  d  is  a  characteristic  dimension  of  the  sample:  thickness  of  the  slab  or  diameter  of  a  cylinder  or  a 
sphere.  Surface  temperature  was  assumed  constant  (boundary  conditions  of  the  first  type)  (Lvknv, 
1967). 


Analysis  of  Eq.  (5.8)  reveals  that  if  Fk;  is  less  than  a  certain  critical  Fk^,-,  a  steady  temperature 
profile  with  a  maximum  in  the  center  sets  in  the  reactant;  thermal  explosion  occurs  al  Fk  >  Hq,. 
Hence,  the  critical  condition  for  thermal  explosion  takes  the  form: 


4k 


RTj 


<k,p 


■E/RT, 


=  Fk,. 


(5.9) 


Fkct  and  maximum  pre-explosive  temperature  rise  are  related  to  the  sample's  geometry.  They  are 
analytically  found  for  infinite  slabs  and  cylinders  using  exponential  transformation  Eq.  (5.5)’.  In  the 
case  of  a  sphere  the  problem  reduces  to  tabulated  functions  (Frank -Kamenetsky,  1955).  The  values 
of  Fkc,  and  aT»  for  these  geometries  are  listed  in  Table  5. 

Table  5.  Effect  of  Sample  Geometry  on  Critical  Conditions. 


Geometry 

Ekct 

AT.  ■  E/RT  g 

Slab 

0.88 

1.2 

Cvlinder 

2.00 

1.37 

Sphere 

3.32 

1.6 

31-3.  Effect  of  the  Initial  Reactant  Temperature.  Transition  to  Ignition.  Hoi  Snot  Thermal 
Explosion 

In  case  of  cook-off  in,  eg.,  a  fire,  the  ambient  temperature  To  is  higher  than  the  initial  temperature 
of  the  explosive  material  Tj.  At  T,  <  To,  the  process  can  be  divided  into  two  stages:  that  of  the 
reactant  heating  to  To  and  that  above  To.  With  limited  external  heat  transfer,  the  entire  sample  is 
heated  uniformly  and  necessarily  passes  over  the  state  when  its  temperature  is  equal  to  that  of  the 
surroundings.  This  circumstance  enables  the  induction  period  reading  front  this  moment;  Tjnj  then 
becomes  independent  of  the  initial  temperature.  The  time  in  which  To  is  attained  is  called  the  time  of 
preheating.  It  depends  on  both  Tp  and  T,.  The  overall  time  of  explosion  delay  is  found  by  adding  the 
time  of  preheating  and  the  induction  period.  The  study  of  temporal  characteristics  of  the  process  with 
uniform  distribution  of  temperature  is  reported  in  Mcrzhanov  and  Grigoryev  (1967), 

Thermal  explosion  with  limited  internal  heat  transfer  and  the  stage  of  heating  were  first  treated  in 
Zitm  arid  Mader  (1960).  The  sample  hearing  in  this  case  is  non-uniform.  Due  to  an  exothermic 
reaction,  the  temperature  rise  maxima  are  generated  close  to  the  surface.  They  increase  with  time  and 
travel  towards  the  center  (Merzhanov  and  others,  1963).  The  temperature  maximum  in  a 
nonexplosivc  regime  is  eventually  established  in  the  sample's  center.  In  the  case  of  explosion,  two 
possibilities  arise: 

the  temperature  maximum  goes  to  the  sample  center  where  ignition  starts.  The  preheating 
stage  in  this  case  does  nix  essentially  affect  the  process  behavior.  The  induction  period  of 
thermal  explosion  is  rea/1  from  the  moment  the  sample's  center  is  heated  and  is  in  gcxxl 
agreement  with  the  induction  period  in  the  case  Tj  =  To; 

the  temperature  maximum  does  not  reach  the  center  and  ignition  starts  at  the  periphery.  Of 
course  the  overall  time  of  ignition  delay  cannot  then  be  divided  into  the  rime  of  preheating 
and  the  induction  period 

In  the  first  case  a  thermal  explosion  occurs,  while  in  the  second  a  transient  regime  between  thermal 
explosion  and  ignition  is  realized.  Hence,  in  both  cases  explosive  behavior  only  occurs  for  a  number 
of  combinations  of  parameters  describing  internal  and  external  heat  transfer. 

Results  of  calculations  of  temperature  distributions  depending  on  external  heat  to  internal  heat 
transfer  (Biot  number:  Bi  =  a  •  d/X)  and  for  certain  values  of  Fk  are  shown  in  Figs.  19  through  21 

If  only  a  part  of  the  reactant  is  healed  to  a  high  temperature,  a  hot  spot  thermal  explosion  is  said  to 
occur.  The  critical  size  of  the  hoi  spot  of  heating,  following  Merzhanov  and  others  ( 1963)  and 
Mcrzhanov  (1966)  is  written  as: 
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(5.10) 


Coefficients  of  a  and  b  for  various  shapes  of  hot  spot  are  given  in  Table  6. 

Table  6.  Effect  of  Sample  Geometry  on  Critical  Conditions. 


Shape 

a 

Slab 

1.63 

0.65 

Cylinder 

2.72 

0.42 

Sphere 

3.48 

0.30 
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The  sire  of  the  sample  in  case  of  a  hot  spot  explosion  as  well  as  in  case  of  ignition  is  not  essen'ial. 
The  induction  period  does  not  differ  from  that  measured  under  adiabatic  conditions  by  more  than  a 
factor  of  two  (Menthanov  and  others,  1963)  even  in  the  immediate  vicinity  of  a  critical  condition. 

The  hot  spot  thermal  explosion  is  treated  as  a  possible  mechanism  of  explosion  in  the  theory  of 
reactant  sensitivity  to  mechanical  action  (Rideai  and  Robertson,  1948  and  Bowden  and  Yoffe,  1952). 

5.1.4.  The  "Safe"  Diameter  and  the  "Safe"  Lifetime 

As  mentioned  in  the  previous  paragraph  the  safe  diameter  of  an  infinitely  long  cylindrical 
propellant  charge  is  defined  as  the  smallest  diameter  at  which  self  ignition  takes  place.  According  to 
the  theory  of  Frank  Kamenetsky  (1939).  the  following  equation  is  valid  for  the  safe  diameter  Dja; 


/  45.  kR  T* 

°T*=/V  Pb  E  qTi  (5.11) 

where  the  rate  of  heat  generation  q  is  a  function  of  temperature  according  to 

q  =  F(Q)  exp  (-E/RT)  (5.12) 

5  =  dimensionless  parameter,  Frank-Kamenetsky  (sec  pg.  344,  Frank-Kamenetsky,  1969) 


proptuort  tpa.ps 


Fig.  22.  Schematic  Temperature  Distributions  on  Self-Healing  of  Propellant 
in  Vessels  With  increasing  Diameter,  But  at  the  Same  Ambient  Temperature. 

A  period  of  safe  life  can  be  assigned  if  the  minimum  safe  diameter  can  be  predicted  for  a  storage 
period  at  ambient  temperature.  In  order  to  establish  the  stability  of  a  propellant  for  a  storage  period  up 
to  10  years,  it  is  required  to  simulate  experimentally  the  temperature  profile  which  may  occur  during 
such  i  period.  In  accordance  with  the  requirement  that  ammunition  has  to  withstand  temperatures  up 
to  7 1°C  the  following  temperature-time  program  for  10  years'  storage  period  can  be  drafted  for  the 
investigation  of  the  self-ignition  hazard: 

10  years  at  30°C  (303oK)  including  a  fortnight  siorage  with  the 
following  daily  temperature  profile 
2  weeks  storage  with  a  daily  temperature  profile  of 
9  hours  at  35  C  (308  K) 

5  hours  at  50  C  (323  K) 

5  hours  at  60  C  (333  K) 

5  hours  at  71  C  (344  K) 


In  order  to  reduce  the  period  of  nine  for  the  experimental  simulation  to  an  acceptable  standard  test 
period,  during  which  sufficiently  strong  heal  generation  signals  are  measured,  isothermal  heat 
generation  tests  are  performed  at  85 °C.  It  has  been  established  by  heat  generation  tests  (May  and 
Heemskerk,  1984),  by  determination  of  stabilizer  content  (  t  Lam  and  Heemskerk,  1985)  and  by 
chemiluminescence  measurements  (Mcy  and  Heemskerk,  1985)  that  the  degradation  at  this 
temperature  agrees  v  ell  with  the  degradation  effects  (for  longer  periods)  at  ambient  temperatures. 
When  conducting  an  isothermal  heat  generation  test  at  85°C  it  can  be  calculated  from  Fiq.  (5. 12)  that 
after  an  aging  period  of  1  week  at  85 °C  the  propellant  reaches  an  aging  stage  corresponding  to  a 
10  years’  storage  including  the  assumed  2  weeks  temperature-time  profile  (Van  Geel,  1971). 


Since  for  practical  reasons  the  heat  generation  is  measured  at  a  higher  temperature  (Tm)  than  the 
expected  storage  temperature,  the  critical  diameier  at  the  storage  temperature,  T»,  can  be  calculated 
usine  Eqs.  (5. 1 1)  and  (5.12).  From  these  it  follows  that: 


dt.= 


/  4MRT? 
V  PbEq-r. 


exp 


/E  l.JJl 

\R  T,  T „)} 


(5.13) 
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The  heat  generation,  qTm,  is  not  constant,  but  depends  on  various  conditions  including  the  degree 
of  decomposition.  Therefore,  the  maximum  heat  generation  observed  in  the  isothermal  heat 
generation  test  (1ST)  (see  Section  5.1.5)  during  the  experimental  simulation  period  of  1  week  at  85°C 
is  applied  in  the  calculation  of  the  safe  diameter.  This  is  the  maximum  diameter  permitted  during  the 
storage  of  the  propellant  for  a  period  of  10  years  at  ambient  temperature. 

So: 


(5.14) 


where: 


(5.15) 


As  already  mentioned  before  Tm  =  358  K  (85°C).  The  temperature  Ta  corresponds  to  the  list  of 
storage  temperatures.  If  the  value  of  the  activation  energy  F.  is  known,  the  value  of  K  can  he 
calculated.  As  shown  in  Fig.  23,  however,,  the  value  of  K  does  not  vary  much  for  values  of  E 
between  40  and  200  kj/mole  and  the  minimum  of  K  will  be  12.1.  The  use  of  this  value  implies  that 
the  activation  energy  of  the  propellant  need  not  be  known  and  the  safe  diameter  of  the  propellant  will 
be: 
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Ftg  23  K-Value  as  a  Function  of  the  Activation 
Energy  for  Ta  -  344  K  and  Tm  -  358  K. 

Results  With  Cellulose  Nitrate  Pmpeliant 

The  heat  generation  as  a  function  of  time  of  10  different  propellants  (their  chemical  composition  is 
listed  in  Table  7)  is  given  in  Fig.  24. 


Fig.  24.  Heat  Generated  by  10  Different  Propellants  at 
85  °C  Over  a  Period  of  7  Days. 
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Table  7.  Chemical  and  Physical  Properties  of  the  Nitrocellulose  Propellants  Included 


the  Investigations.  (The  chemical ^  composition  is  given  in  percentages). 


Propellant  No. 

1 

T~ 

5 

5 

-F- 

8 

KSB 

Cellulose  nitrate 

snr 

-•l-TB 

ws~ 

mu 

mm 

Glycerol  trinitrate 

■ 

■ 

Emm 

49.7 

41.33 

10.0 

20  9 

20.0 

Nitroguanidine 

54.8 

56.0 

Dinitrotoluent 

9.5 

■OEM 

HI 

IXfl 

Sodium  cryolite 

0.35 

0.3 

Dibutylphthalate 

2.6 

0.3 

HkM 

0.2 

6.9 

6.9 

Diphenylamine 

■OCT 

0.4 

0.6 

1.0 

0.44 

0.4 

Nitrodiphenylamine 

0.5 

Ethyl  centralite 

0.1 

■OEM 

1.0 

3.5 

2.95 

3.6 

Methyl  centralite 

1.8 

Vaseline 

0.4 

0.44 

Potassium  cryolite 

lilEM 

Potassium  nitrate 

0.8 

0.9 

Potassium  sulphate 

■OEM 

0.5 

Graphite 

0.05 

0.2 

0.38 

0.35 

Calcium  carbonate 

HIM 

0.3 

EDS! 

[Tin  Oxide 

0.75 

1 

Moisture 

1.3 

1.25 

1.2 

0.5 

0.33 

0.55 

EE9! 

Solvent 

1.1 

B9 

0.45 

0.15 

N%  cn. 

13.14 

13.23 

13.20 

13.15 

12.2 

12.99 

12.1 

13.28 

Cal,  value  (kj/kg) 

ittrm 

3986 

3747 

4920 

5024 

5037 

3525 

3643 

iHiEM 

Bulk  density  (kg/m3) 

799 

r553 

963 

855 

740 

883 

949 

1000 

899 

Heat  Conductivity  (W/m  C) 

0.12 

KOBKl 

0.09 

0.12 

008 

0.09 

0.10 

0.11 

0.10 

Year  of  production 

1969 

1962 

1963 

1966 

1942 

1955 

1915 

1966 

1965 

1955 

From  these  measurements  the  safe  diameter  (D<afe)  and  the  decreases  in  calorimetric  value  at  20°C 
and  30V  have  been  calculated,  and  the  results  are  given  in  Table  8. 


Table  8.  Safe  Diameter  and  Decrease  in  Calorimetric  Value  of  the  Tested 


Gun  Propellants.  Referenced  to  storage  schedule  shown  in  Fig.  24. 

- -  I  /  .  A.  k  “  I 


(hope  11  ant 

Djafe 

(m) 

(dOe,i20 

(%) 

(AQe*)30 

(%) 

1 

~?rao 

0752T 

1.0 

2  single  base 

0.50 

0.34 

1.0 

3 

0.70 

0.70 

0.5 

4 

0.65 

0.15 

0.7 

5 

0.60 

0.12 

0.6 

6  double  base 

0.50 

0.17 

0.8 

7 

0.30 

048 

1.7 

8 

0.35 

0.61 

2.5 

9 

0.60 

0.16 

0.7 

10  triple  base 

0.65 

0.14 

0.7 

The  calculated  decrease  in  calorimetric  value  differs  markedly  from  pro,  >  propellant. 

Flow  far  a  decrease  in  calorimetric  value  is  permissible  depends  on  the  future  f  the  propellant. 

Heat  Generation  Test  in  Relation  lo  Other  Stability  and  Compatibility  Tests 

In  the  past  a  large  number  of  stability  and  compatibility  tests  have  been  developed.  These  tests 
generally  involve  an  accelerated  aging  of  the  propellant  at  temperatures  between  333  K  (50°C)  and  413 
K  (140°C)  and  the  examination  of  distinct  degradation  phenomena  such  as: 


-  the  rate  of  gas  e  volution 

-  the  rate  of  stabilizer  depletion 

-  the  loss  in  weight  under  standard  test  conditions 

-  the  lapse  of  time  until  the  appearance  of  nitrogen  oxide  gases  (NO,) 

Table  9  shows  the  outcome  of  a  comparative  investigation  that  has  been  performed  concerning  the 
relation  between  the  Isothermal  Storage  Test  (1ST)  (Van  Geel,  1971)  and  five  more  conventional  tests: 
the  95V  test  (the  propellant  is  placed  in  a  closed  container,  0  33  g  of  propellant/mi,  at  95“C  for  8 
hours/day;  red  fumes  within  20  days  indicate  an  unstable  propellant),  the  Dutch  weighing  test  (Before 
and  Kxuit,  1960),  the  Abel  heat  test  (Bofors  and  Kntit,  1960),  the  65.5  C  test  (Stanag  41 17, 19fcM, 
and  the  methyl  violet  test  (MV  test,  Bofore  and  Kruit,  1960).  These  tests  are  described  below. 
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Application:  Determination  of  the  momentary  stability  of  propellants  at  80°C  using  the  detection  of 
the  NO,  generation  by  its  reaction  with  a  potassium  iodide  starch  paper. 

Equipment:  The  equipment  consists  of  a  thermostat  bath  with  a  constant  temperature  of  80°C.  An 
amount  of  1.6  g  propellant  is  weighed  into  standard  giass  tubes  with  a  length  of  140  mm,  an  external 
diameter  of  16.5  and  an  internal  diameter  of  14.5  mm  The  tube  is  provided  with  a  cork  carrying  the 
potassium  iodide  starch  indicator  paper  suspended  on  a  platinum  wire.  The  indicator  paper  is  wetted 
in  the  center  (maximum  wetted  diameter  5  mm)  by  a  glycerine-water  mixture.  The  NO*  gases  react 
with  indicator  paper  resulting  in  a  darkening  yellowish-brown  circle  at  the  dividing  line  between  the 
moistened  and  unmoistened  paper  parts.  The  period  of  time  which  has  elapsed  between  the  start  of 
the  experiment  and  the  occurrence  of  a  dark  brown  line,  is  a  measure  of  the  stability.  The  results  of 
the  test  may  be  affected  by  decomposition  of  materials  other  than  the  propellant  itself. 

Typical  results:  Propellant:  Double  base.  Test  at  80°C  with  1 .6  g.:  24  minutes. 


AOP-7  Registry  No:  Netherlands/Explosives/202.01.004 
Type  of  Test:  Safety /Thermal 

Brief  Dese-rintinn:  The  loss  in  weight  caused  by  the  decomfiosition  of  the  propellant  is  determined 
as  a  measure  of  the  stability.  The  test  is  performed  at  a  temperature  of  378  K  for  a  double-  and  a 
triple-base  propellant  and  at  383  K  for  a  single-base  propellant.  The  sample  is  heated  under 
standardized  conditions  for  8  hours  to  determine  the  content  of  volatiles.  After  this,  the  sample  is 
heated  for  another  64  hours  to  determine  the  weight  loss. 


Small  caliber  single-base  propellant 
Single-base  cannon  ammunition 

Double  base  propellant  (with  high  nitration  nitrocellulose) 


(383  K)  0.6%  weight  loss 
(383  K)  0.9%  weight  loss 
(383  K)  1.1%  weight  loss 


AOP  ?  Registry  No:  Nethcrlands/Explosives/202.01  005 

Type  of  Test:  Decomposition  by  heat 

Brief  Deseripri  on:  The  volume  of  gas  evolved,  when  a  mixture  of  equal  parts  of  explosive  or 
propellant  and  the  material  under  test  is  heated  at  a  constant  temperature  of  100°C  (90°C  in  some  cases') 
for  40  hours  in  an  initial  vacuum,  is  compared  with  the  volumes  evolved  from  the  explosive  or 
propellant  and  the  test  materia'  when  heated  separately  under  otherwise  identical  conditions. 
Compatibility  of  the  components  of  the  mixture  is  judged  by  means  of  the  volume  of  additional  gas 
produced  because  of  die  contact  between  these  components. 

T  ypical  Results:  The  Vacuum  Stability  Test  for  one  combination: 

Material:  10  g  high  explosive  or  propellant  (grain  size,  0.2-2  mm) 

10  g  test  material  (grain  size  0.2-2  mm) 

Duration  of  a  test:  4  days 


AOP-7  Registry  No:  Netherlands/Explosivcs/202.01 .002 
Type  of  Test:  Safety/Thermal 

Rrirf  Description:  The  appearance  of  brown  fumes  of  nitrogen  oxides  is  determined  as  a  measure 
of  the  stability  of  the  propellants.  The  appearance  of  the  brown  fumes  is  detected  with  the  help  of 
methyl-violet  paper.  The  sample  is  kept  under  standardized  conditions  at  a  temperature  of  408  K  for 
a  single-base  propellant  and  at  393  K  for  a  double-base  propellant.  Nitrogen  oxides  must  not  appear 
and  explosions  must  not  occur  within  specified  times. 


Netherlands/Explosive  s/202.0  i  .003 
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Safety/Thcrmal 


! 


Type  of  Teal 

Brief  Description:  In  the  Bergmann  and  Junk  Test  the  sample  is  heated  to  405  K  (±0.5  K)  for  a 
single-base  propellant  and  at  least  393  K  (±0.5  K)  for  a  double-base  propellant.  The  sample  must  be 
heated  under  standardized  conditions  for  a  prescribed  period.  At  the  end  of  this  period  the  nitrogen 
oxide  evolved  is  quantitatively  determined  as  a  measure  of  the  stability  of  the  propellant  under 
investigation. 


Typical  Results:  Nitrocellulose  (405  K)  1.7  ml  NO  per  10"3  kg,  small  caliber  ammunition 
single-base  (405  K)  7.8  ml  NO  5. 10' 3  kg,  cannon  ammunition  single-base  (405  K)  8.3  ml  NO  per 
5.10  3  kg,  double-base  propeilam  (393  K)  5.8  ml  NO  per  5.10-3  gg 

The  tests  are  done  with  samples  after  accelerated  aging  at  65.5°C  for  periods  between  60  and  240 
days.  The  chemical  composition  of  the  propellants  before  aging  is  given  in  Table  9. 


Propellant  No. 

11 

12 

l3 

14 

Cellulose  nitrate 

57.05% 

75.9% 

82.6% 

84.0% 

Glyccroltrinitrate 

40.1 

19.8 

Diphenylamine 

0.8 

0.95 

Ethylcentralite 

0.8 

0.8 

Dinitrotoluene 

10.3 

9.6 

Dibutylphthalate 

5.2 

3.6 

Potassium  sulphate 

1.7 

1.0 

0.65 

Barium  nitrate 

1.4 

Graphite 

0  15 

KJFX1 

Moisture 

0.2 

0.8 

0.8 

Solvents  (about) 

traces 

0.5 

0.3 

0.4 

Table  10.  Comparison  of  the  Isothermal  Storage  Test  With  Other 
Stability  Tests.  (Underlined  values  do  not  meet  the  requirements.) 


Propellant  No. 

"rr~ 

ll 

-yr- 

~Tr~ 

U 

Duration  of  the  aging  at 

65.5°C  before  the  test 

(days) 

60 

120 

69 

240 

240 

1ST  Dsafe 

(m) 

0.7 

0.9 

0.7 

0.6 

95°C  test 

(days) 

9 

1 

26 

76 

76 

Dutch  weighing  test 

<%) 

12 

12.0 

0.8 

0.88 

Abel  heat  test 

(min) 

6 

2 

Jl 

13 

8 

65.5"C-test 

(%) 

QJ..8 

0.55 

0.15 

0.24 

MV  test  -  Salmon  coloration 

(min) 

65 

55 

95 

40 

30 

-  Red  fumes 

(liours) 

6.0 

7.5 

8.0 

5.5 

5.5 

I-rom  Table  10  it  can  be  seen  that  there  is  hardly  any  correlation  between  the  tests  peiformed.  This 
is  to  be  expected  because  of  the  fact  that  the  different  tests  make  use  of  different  criteria  to  judge  self- 
ignition  hazard,  Only  the  1ST  which  is  based  on  a  direct  measurement  of  the  heat  generated  by  the 
stored  propellant  gives  a  reliable  figure  for  the  risk  of  self  heating  and  consequent  ignition. 

ZZ  ;  Course  of  the  Heat  Generation  Process 

a  Initial  Heat  Effect 

During  the  experimental  program,  it  was  observed  that  the  heat  generation  of  some  lots  of  propel¬ 
lant  was  relatively  high  during  the  first  days  of  the  measurement.  This  initial  effect  was  not  observed 
in  triple  base  propellants. 

When  investigating  this  effect  it  was  found  that  the  initial  heat  generation  was  much  less  when  the 
propellant  was  not  pulverized  and  that  the  generation  was  reduced  when  replacing  the  surrounding  air 
was  replaced  by  nitrogen  (Mey  and  Heemskerk,  1985).  The  effect  of  moisture  was  investigated  as 
well.  A  definite  effect  on  the  rate  determining  reaction  step  could  be  observed  although  the  overall 
effect  remained  relatively  small. 

In  this  connection  it  is  advisable  to  carry  out  the  heat  generation  test  with  unpuiverized  propellant 
grains  in  air  since  this  is  as  close  to  the  storage  conditions  as  possible.  In  case  of  large  units  of  propel 
lant  (rocket  propellants)  relatively  large  pieces  of  the  propellant  can  be  chipped  ffom  the  propellant, 

b.  Autocatalysis 

After  a  prolonged  measurement  in  the  heat  generation  meter,  the  rate  of  heat  generation  increases 
sharply  by  autocatalysis.  This  effect  is  caused  by  the  depletion  of  stabilizer.  In  Fig.  25  the  heat 


generation  is  given  of  two  single  base  propellants.  The  difference  between  the  two  propellants  was 
the  type  of  stabilizer,  but  the  stabilizer  content  was  the  same. 


From  Fig.  .25  it  follows  that  diphenylamine  has  a  better  stabilizing  effect  than  the  same  amount  of 
ethyl  centraUte  for  this  type  of  propellant 


Fig.  25.  Heat  Generation  at  85°C  of  Two  Samples  of  Single  Base 
Propellant  With  Different  Stabilizers. 

As  has  been  discussed  before,  the  heat  generation  of  most  propellants  is  less  than  100  mW/kg 
during  the  first  week  at  85  C.  This  means  that  the  safe  diameter  is  at  least  0.5  m  at  ambient  tempera¬ 
tures.  However,  when  the  period  of  autocatalysis  is  reached,  the  safe  diameter  will  decrease  sharply. 
Because  of  this  effect,  the  question  rose  whether  an  inhomogeneous  stabilizer  distribution  could  give 
rise  to  self-ignition.  To  investigate  this  problem  tests  were  done  with  a  mixture  of  the  single  base 
propellant  with  1.23%  diphenylamine  from  Fig.  23  and  the  same  propellant,  but  without  stabilizer 
(weight  ratio  99:1  respectively). 

The  results  are  given  in  Fig.  26  in  which  curve  1  represents  the  heal  generation  of  the  nonstabil- 
ized  propellant,  curve  2  the  heat  generation  of  the  mixture,  and  curve  3  the  same  as  2  but  with 
pulverized  propellant. 

From  Ftg.  26  it  follows  that  there  is  a  stabilizing  effect  from  the  surrounding  grains  and  that  this 
effect  becomes  stronger  with  decreasing  grain  size. 


Fig.  26.  Heat  Generation  at  85DC  of  a  Nonstabilizcd  Single  Base  Propellant. 

( 1 )  The  pure  unstabilized  propellant 

(2)  A  mature  of  (be  propellant  and  the  stabilized  propellant 

(3)  A  mixture  of  the  propellant  and  pulverized  stabilized  propellant 
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For  a  more  precise  prediction  of  the  decomposition  phenomena  for  different  storage  conditions 
much  more  knowledge  is  necessary  about  the  kinetics  of  the  propellant  decomposition,  in  particular  at 
lower  temperatures  (3G“C).  Low  temperature  measurements  have  been  perfomted  with  stabilizer  reac¬ 
tivity  and  chemiluminescence  ('t  Lam  and  Hecmskerk,  1985,  and  Mcy  and  Heemskerk,  1985).  In 
this  connection,  further  investigations  will  have  to  be  conducted  with  respect  to  the  influence  of  the 
gas  atmosphere  and  the  gas-tightness  of  the  propellant  container  on  the  course  of  the  decomposition 
phenomena. 

More  information  is  necessary  on  the  distribution  of  stabilizer  in  the  propellant  and  the  effect  of 
|)ossib!e  inhomogenities  on  both  the  self-ignition  hazard  and  the  ballistic  stability. 

It  should  be  stressed  that  the  stability  requirements  the  propellant  lias  to  meet,  can  only  be  drafted 
in  detail  if  the  above  mentioned  information  is  obtained.  A  reliable  judgment  of  the  stability  control 
will  be  the  result. 


Finally,  it  should  be  investigated  how  heat  losses  in  a  stack  of  propellant  containers  relate  to  the 
loss  of  a  single  unit.  This  will  provide  the  ultimate  information  about  the  allowable  safe  diameter. 


5.1.5. 


Differential  scanning  calorimetry  (DSC)  is  a  technique  in  which  the  heat  generation  of  a  sample  is 
measured  as  a  function  of  the  temperature.  The  same  temperature  rise  is  applied  to  a  reference  material 
and  a  sample  material.  The  difference  in  energy  supply  is  proportional  to  the  heat  generation  in  the 
sample. 

During  this  temperature  program  endothermic  and  exothermic  changes  in  enthalpy  may  ap|iear 
which  may  be  caused  by,  for  instance,  phase  transitions  or  chemical  reactions. 

The  apparatus  comprises  two  identical  measuring  cells  made  of  a  platinum  alloy.  Each  cell  has  a 
temperature  sensor  and  a  heating  clement.  The  cells  are  mounted  in  an  aluminum  block  which  is  kept 
at  a  constant  temperature.  The  measuring  cells  can  be  used  in  the  temperature  range  between  130  and 
870  K  with  heating  rates  between  10-3  K/s  and  3  K/s. 

The  measurements  can  be  performed  with  open  or  with  dosed  sample  vessels  w  ith  a  volume  of 
45  x  10'9  m3  and  a  maximum  overpressure  of  15  MPa,  The  atmosphere  surrounding  the  sample 
vessel  can  be  flushed  with  noncorrosive  gases.  The  minimum  heat  generation  that  can  be  measured, 
amounts  to  approximately  5  W/kg  with  a  sample  mass  of  10  mg. 

An  example  of  a  DSC  curve  is  shown  in  Fig.  27.  The  sample  under  investigation  was  composed 
of  Several  organic  peroxides.  The  DSC  curve  shows  two  degradation  peaks  with  a  measured  onset 
temperature  at  about  300  K  and  a  total  reaction  enthalpy  of -1510  kJ/kg. 

In  view  of  the  low  onset  temperature  and  the  high  reaction  enthalpy,  the  sample  must  be  regarded 
as  a  potentially  hazardous  material. 
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Fig.  27.  DSC  Curve  of  a  Sample  Composed  of  Several  Organic  Peroxides 
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Isothermal  Storage  Test  (1ST) 

In  the  Isothermal  Storage  Test  (1ST)  the  heat  generated  at  constant  temperature  due  to  reaction  of 
decomposing  substances  is  measured  as  a  function  of  time.  Performance  of  these  measurements  at  a 
series  of  temperatures  leads  to  a  quantitative  understanding  of  the  relation  between  the  temperature  and 
the  heat  generation  of  the  substance  under  investigation.  The  1ST  is  applicable  to  solids,  liquids, 
pastes,  and  dispersions. 

The  1ST  in  Fig.  28  consists  of  a  large  heat  sink  (an  aluminum  block)  which  is  kept  at  a  constant 
temperature.  In  the  block  are  two  holes  with  a  heat  flow  meter  (eg.,  a  Peltier  element)  at  the  bottom 
of  each  hole.  Identical  holders  are  placed  on  both  heat  flow  meters.  One  holder  contains  the  sample, 
the  other  an  inert  substance. 

The  heat  generated  by  the.  sample  results  in  a  voltage  signal  from  the  heat  flow  meter  which  is 
proportional  to  the  heat  flow.  Random  fluctuations  in  the  heat  flow  are  avoided  by  monitoring  the 
voltage  difference  between  both  heat  flow  meters. 


i 

! 

j 

L 


inmpl*  vpiwf 
cylindrical  hslii' 
oli  spuc.es 
pelrier  elements 
electric  cirwi' 
alpnnnivn)  hlogt 

■reel I 

glow  »>ol 

Oreplifiei 

recorder 

plo*ii'  .<-  ■eiii’o-1' e  te-**-' 

tor  i*"Oeio>vie  <cn»rs! 
f.lpl.fwn  'esis'or-ce 
Iji  ro*e*y 

Cl{)i;ry;Ti  '*s‘.)rorrf  rf twr’e- 
'•mpercih.-i«  ccnt'oller 


Fig.  28.  Cross-Section  of  the  Isothermal  Storage  Test. 

The  stainless  steel  sample  holder  has  a  volume  of  70  cm3.  The  sample  mass  amounts  to  about  21) 
g.  Measurements  can  be  performed  in  the  temperature  range  from  250  K  to  420  K.  Heat  generations 
can  be  measured  between  the  lower  limn  of  5  mW/kg  and  the  upper  limit  of  5  W/kg  with  an  accuracy 
of  at  least  30%  in  the  lower  range  to  5%  in  the  higher  range. 

in  lag.  2s  three  1ST  curves  measured  with  a  single  base  propellant  at  different  temperatures  ate 
shown.  With  these  heat  generation  curves  an  activation  energy  for  the  degradation  prucess  of  125 
U/rnol  lias  been  calculated.  By  applying  the  thermal  explosion  model  of  Frank-Kameneisky  and 
introducing  appropriate  physical  properties  of  the  propellant,  the  safe  storage  diameter  at  the  ambient 
storage  temperature  of  3U0  K  is  found  to  be  0.6  in.  Integration  of  the  heat  generation  curses  results  in 
a  decrease  of  the  calorimetric  value,  which  can  be  extrapolated  to  the  required  storage  temperature  and 
time  of  storage. 

Adiabatic  Storage  Test  (AST) 

In  the  Adiabatic  Storage  Test  (AST)  the  heat  generated  at  nearly  adiabatic  conditions  by  reacting  or 
decomposing  substances  is  determined  as  a  function  of  time  The  AST  is  applicable  to  solids,  liquids, 
pastes,  and  dispersions. 


The  AST  shown  in  Fig.  30  consists  of  a  1,5  x  10-3  m3  Dewar  vessel  sealed  with  a  stainless  steel 
lid.  Tliis  lid  is  provided  with  insulating  material  on  the  inside.  The  Dewar  vessel  is  placed  in  an 
oven.  The  temperature  of  the  oven  is  kept  equal  to  the  temperature  of  die  sample  in  the  Dew  ar  vessel, 
in  this  way  the  hear  loss  is  kept  a:  a  minimum  and  a  nearly  adiabatic  situation  is  created. 


An  internal  electric  heating  coil  is  used  to  heat  the  sample  to  the  desired  initial  temperature.  The 
heating  coil  is  also  used  to  determine  the  specific  heat  of  die  sample. 


i 


50 


Fig.  29.  1ST  Curves  of  a  Smokeless  Propellant. 
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Fig.  30.  Arrangement  of  the  Adiabatic  Storage  Test  (AST), 

A  gas  can  be  led  through  the  Dewar  vessel  by  means  of  tubes  pasting  through  the  lid  of  the 
vessel.  From  the  inlet  tube  the  gas  is  spread  over  the  bottom  of  the  Dewar  vessel.  The  gas  outlet  is  at 
the  top  of  the  Dewar  vessel.  Thus  the  entire  sample  is  brought  into  contact  with  the  gas.  Before  being 
supplied  to  the  Dewar  vessel  the  gas  is  carefully  thermostated  at  a  temperature  equal  to  that  of  the 
sample.  Because  of  the  nearly  adiabatic  conditions  (the  manimtun  heat  loss  is  lu  mW),  the  heat 
generated  by  the  sample  is  almost  completely  converted  into  an  increase  in  temperature  of  the  sample. 
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Therefore,  the  temperature  of  the  sample  is  recorded  continuously  as  a  function  of  time.  From  the 
increase  in  temperature  in  relation  to  the  specific  heat  and  the  mass  of  the  sample  the  heat  generated  by 
the  sample  can  be  determined. 

An  experiment  is  discontinued  when  the  heating  rate  is  too  fast.  In  this  case  the  system  is  cooled 
down  with  the  aid  of  a  cooling  coil.  Measurements  can  be  performed  in  the  temperature  range  from 
250  K  to  470  K. 

Even  at  relatively  low  temperatures  small  heat  generation  can  be  determined.  The  smallest 
temperature  increase  that  can  be  determined  corresponds  to  a  heat  generation  of  15  mW/kg.  The  upper 
limit  is  determined  by  the  capacity  of  the  cooling  coil.  If  water  is  applied  as  coolant,  a  maximum  heat 
generation  of  500  W  is  allowed.  The  accuracy  of  the  measurements  is  at  least  30%  at  15  mW/kg  and 
10%  from  100  mW/kg  to  10  W/kg. 

An  example  of  a  result  of  an  AST  experiment  is  shown  in  Fig.  31 .  The  first  part  of  the  curve,  up 
to  about  300  hours,  has  been  measured  in  the  AST.  The  second  part  has  been  extrapolated  by  using 
the  last  part  of  the  measured  temperature-time  curve.  The  maximum  temperature  of  526  K  is  the  auto¬ 
ignition  temperature  of  the  sample  under  investigation. 


Fig.  31.  Example  of  an  AST  Curve. 

•••  measured  values. 

_ extrapolated  values. 

Thus,  with  the  AST  experiment  the  induction  period  is  observed  in  which  the  sample  is  self  heated 
up  to  the  auto-ignition  temperature  under  adiabatic  conditions,  starting  from  ari  arbitrary  initial 
temperature. 

Thermal  Step  Test  (TST) 

With  the  Thermal  Step  Test  (TST),  kinetic  studies  of  the  decomposition  of  energetic  materials  are 
performed.  The  activation  energy  can  be  obtained  over  a  wide  temperature  range  (300  -  1400  K). 
Furthermore  the  influence  of  catalysts  and  additives  can  be  assessed. 

The  experiments  are  performed  by  confining  some  energetic  material  in  a  capillary  stainless  steel 
tube  with  a  fixed  internal  diameter  of  I  mm  and  a  variable  outer  diameter  from  1  -  2  mm  and  with  a 
length  of  70  mm. 

After  inserting  the  tube  in  an  electric  circuit  and  by  discharging  a  capacitor  through  the  tube,  the 
temperature  of  the  tube  is  raised  in  about  30  microseconds.  Temperatures  up  to  1000  K  can  be 
maintained  for  a  prolonged  period  (up  to  several  hours).  The  induction  time,  the  time  needed  to 
rupture  the  lube,  as  a  function  of  tube  temperature  is  measured. 

In  Fig.  32  results  of  five  different  AP  based  composite  propellants  are  shown  (Schrader  and 
others,  1984  [AGARDD.  The  compositions  are  given  in  Table  11.  It  turned  out  that  composite 
propellants  start  to  decompose  at  a  lower  temperature  than  the  pure  ammonium  perchlorate.  This 
behavior  is  believed  to  be  caused  by  the  binder,  because  the  binder  is  able  to  generate  radical  like 
species  at  a  relatively  low'  temperature  which  could  enhance  the  decomposition. 

A  wide  variety  of  energetic  materials  has  been  investigated  with  the  TST.  In  the  temperature 
domain,  relevant  for  the  cook-off  phenomena,  ail  investigated  explosives  (Schrader  and  others,  1983, 
and  Schrader  and  others,  1984  [Ninth  Int.  Pyr.  Sem.])  and  propellants  show  a  pseudo  first  order 
Arrhenius  type  of  decomposition. 
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The  ODTX  (McGuire  and  Tarver,  1981,  Catalano  and  others,  1976,  and  Tarver  and  others,  1978) 
test  has  been  developed  at  Lawrence  Livermore  National  Laboratory  as  a  well  controlled  environment 
in  which  to  measure  times  to  explosion  at  confinement  pressures  up  to  150  MPa.  The  diameter  of  the 
hemispheres  containing  the  energetic  materials  is  12.7  mm,  The  hemispheres  are  heated  and  the  time 
to  explosion  is  recorded.  The  spherical  geometry  has  been  chosen,  since  it  is  well  suited  for  computer 
modeling. 


The  ODTX  test  has  only  been  used  to  study  high  energy  explosives  like  TATB,  TNT,  and  plastic 
bonded  explosives  containing  RDX  and  HMX,  (cf.  Fig.  33).  Typical  temperatures  used  range  from 
■120  up  to  620  K.  The  times  to  explosion  range  from  a  few  seconds  up  to  about  1  day.  Chemical 
kinetics,  more  complicated  than  the  simple  type  Arrhenius  equation,  are  employed  to  fit  the 
experimental  results  within  a  theoretical  frame  work. 
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Fig.  33.  Experimental  and  Calculated  Times  to  Explosion  for  12.7  mm 
Diameter  Spheres  of  TNT.  LX- 10.  and  OCTOL  (A);  and  of  TNT,  RDX, 
and  Comp.  B  (B). 

5.1.6.  Computational  Methods 

As  stated  earlier  in  the  introduction  a  heat  balance  can  be  made 

cpJ«QpK0,-i»T.£fr-T0> 

Unfortunately,  many  of  the  properties  arc  temperature  dependent  and  this  equation  cannot  be  solved 
analytically  without  making  approximations. 

The  advent  of  the  computer  made  it  feasible  to  employ  numerical  methods  to  solve  the  differential 
equation.  In  the  eariy  sixties  Zinn  and  Mader  (1960)  and  Zinn  and  Rogers  (1962)  were  the  first  to 
calculate  temperature  profiles  and  times  to  explosion  which  were  in  good  agreement  with  experimental 
results.  Since  then  many  have  used  numerical  methods  to  describe  cook-off  phenomena  with  success, 

The  most  widely  used  method  to  numerically  solve  the  ahove  equation  is  the  so-called  finite 
differences  method  (Rkhtmeyer  and  Morton,  1967).  Since  a  thorough  treatise  of  this  subject  is 
beyond  the  scope  of  this  chapter,  only  a  brief  outline  will  be  presented. 

First,  the  continuous  time  and  space  coordinates  arc  changed  into  discrete  variables,  the  finite 
differences  Dr  and  Dt,  the  grid  size,  and  the  time  step,  respectively.  Now,  the  key  of  the  finite 
differences  method  is  to  approximate  the  equation  by  substituting  the  differentials  by  the  differences, 
i.e.,  dr/dt  =  r/Dt.  The  resulting  differences  equation  can  be  easily  solved  by  either  an  explicit  or  an 
implicit  method 

An  explicit  method  is  characterized  by  the  fact  that  to  calculate  the  temperature  ar  a  certain  place  at  a 
certain  time  oniy  the  temperatures  of  the  previous  time  step  are  needed  Explicit  methods  are  easy  to 
use,  but  they  do  have  one  distinct  disadvantage;  the  solution  is  not  always  stable.  This  means,  that  if 
the  time  step  is  too  great  as  compared  with  the  grid  size  no  meaningful  results  are  obtained.  So  if  one 
has  to  calculate  long  limes  to  explosion,  implicit  methods  are  to  be  favored  because  they  arc  always 
stable. 

Willi  ar.  implicit  method  the  temperatures  of  all  grid  points  at  a  certain  time  are  described  by 
means  of  a  set  of  coupled  equations.  Thus  at  every  time  step  this  set  has  to  be  solved  by  means  of  an 
iterative  process  or  by  means  of  a  matrix  inversion  technique. 

To  finish  this  section  we  cite  a  number  of  examples  illustrating  the  possibilities  of  numerical 
methods. 

At  Lawrence  Livermore,  finite  difference  methods  have  been  used  to  model  the  times  to  explosion 
of  several  high  explosives  simulating  numerically  the  ODTX  (cf.  preceding  section).  In  this 


calculation,  besides  Arrhenius  type  of  chemical  kinetics,  more  complicated  kinetics  have  been 
employed  as  well.  The  outcome  of  the  modeling  showed  that  good  agreement  with  experimental  data 
can  be  obtained. 


In  France,  numerical  methods  have  been  applied  to  investigate  and  understand  the  thermal 
decomposition  of  propellants.  Basis  for  the  calculations  was  the  model  of  Zinn  and  Rogers.  Again  a 
satisfactory  agreement  between  theory  and  experiment  can  be  obtained. 

In  die  Netherlands,  numerical  methods  have  been  used  to  model  the  decomposition  of  unstable 
compounds  in  electroexplosive  devices  (Prinse  and  Lecuw,  19X6)  In  that  case  one  has  not  only  to 
deal  with  energy  release  due  to  chemical  processes,  but  also  the  energy  input  due  to  the  electrical 
power  must  be  considered. 

In  Fig.  34  the  temperature  rise  in  the  wire  of  an  electroexplosive  device  is  shown.  The  dotted  line 
denotes  the  experimental  data  points  and  the  solid  line  is  the  theoretical  result.  As  can  be  seen,  there  is 
good  agreement  between  theory  and  experiment. 


So  one  can  conclude  that  theoretical  simulation  based  on  numerical  methods  can  he  a  very 
powerful  means  to  gel  a  feeling  for  the  behavior  of  thermally  unstable  compounds  It  is  to  be 
expected  th3t  in  the  light  of  the  rapid  developments  -  both  in  hardware  and  in  software  -  numerical 
methods  will  prove  to  be  even  more  successful  in  the  near  future. 

5.1.7.  Slow  Cook-Off  Test 

Slow  cook-off  tests  are  characterized  by  very  low  beating  rates  (a  few  degrees  per  hour  to  a  few 
degrees  per  minute).  Tests  range  from  small  scale  requiring  several  grams  of  energetic  materials  to 
large  scale  tests  involving  the  full  sized  weapon  system.  These  tests  are  to  provide  data  that  might  be 
used  to  predict  the  response  of  ordnance  slowly  heated  primarily  in  storage  or  handling  mishaps.  (For 
example,  munitions  in  a  rail  car  healed  by  the  burning  of  adjacent  rail  cars,  or  munitions  in  a 
storehouse  adjacent  to  a  burning  storehouse,  or  weapons  in  the  hold  of  a  ship  with  fire  in  adjacent 
compartments.) 

The  small  scale  slow  cook  off  tests  are  described  as  follows. 

SNPE  Test  (France) 

This  test  set-up  (Kent  and  Rat,  1982,  and  Rat  and  Kent,  1981)  (Fig.  35)  consists  oi'a  steel 
cylindrical  combustion  chamber  with  an  internal  diameter  of  80  mm  and  a  depth  of  600  mm,  which 
can  be  heated  electrically  to  680  K  (see  Fig.  35).  At  a  certain  time  a  cylindrical  piece  of  propellant, 
diameter  50  mm,  variable  height,  fined  with  a  thermocouple,  is  introduced  in  the  preheated 
combustion  chamber.  The  time  to  ignition  and  the  temperature  history  of  the  propellant  arc  recorded. 
Quantities  up  to  1M0  grams  can  be  measured  this  way.  The  combustion  chamber  cannot  be  closed 
gasright  so  total  confinement  b  not  obtained. 


Fig.  35.  Experimental  Set-Up  of  the  SNPE  Test. 


Some  results  of  this  test  applied  to  propellants  are  shown  in  Fig.  36.  Typically,  the  critical 
temperature  is  around  450  K  and  the  induction  times  can  be  as  long  as  18  hours.  In  C-asenave  and 
Racimor  (1984),  the  experimental  data  are  used  as  input  for  theoretical  calculations  based  on  the  work 
of  Zinn  and  Mailer  (1960)  to  predict  induction  times  and  critical  temperatures  for  other  geometries  as 
well,  (cf.  dashed  lines  in  Fig,  *6.) 
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Fig  36.  Induction  Time  as  Function  of  1/TC.  C=  Composite 
propellant.  DB  -  Double  base  propellant. 

The  Belgian  F.tcole)  Rtoyale)  M(ihtaire)  (Emcux  and  others,  1983)  test  is  similar  to  the  French 
SNPE  test.  The  majn  differences  are  that  less  material  is  used  (0.2  to  2  gr),  and  that  cook-off  can  he 
studied  under  confinement  as  well.  Comparison  with  theoretical  calculations  showed  a  good  fit,  for 
these  small  quantities  (<  2  gT). 

SNPE  also  performs  slow  cook-off  tests  using  the  model  motor  presented  in  Fig.  37  This  model 
motor  is  placed  within  an  oven  instrumented  with  thermocouples  as  indicated  in  Fig.  38.  The 
temperature  within  the  oven  is  increased  at  3.33cC7hour.  The  temperature  at  which  reaction  occurs 
and  the  seventy  of  reaction  is  determined. 
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In  this  test,  which  can  be  used  for  all  types  of  explosive  stores,  the  item  under  trial  is  placed  in  a 
disposable  metal  jacket,  which  is  cylindrical  in  shape  and  constructed  in  halves  which  are  bolted 
together  after  die  store  is  put  in.  Ample  space  is  left  for  air  cireulation  all  around  the  store.  The  ends 
of  the  jacket  are  attached  to  flexible  hoses  for  circulation  of  air,  the  air  circulation  is  closed,  and  the 
whole  air-duct  construction  is  heavily  insulated  in  order  to  conserve  energy.  The  air  heater  and  pump 
arc  separated  from  the  jacketed  stew  by  a  reinforced  concrete  wall.  The  air  temperature  inside  the 
jacket  half-way  along  the  length  of  the  store  is  naonilorcd  by  a  thermocouple  which  controls  the  heat 
flux  from  the  heater  to  the  circulating  air  to  maintain  the  rate  of  temperature  increase  in  accord  with  a 
preset  program  [heating  rate  3.3°C/hr  (6°F/hr)|.  Up  to  five  other  thermocouples  may  be  installed 
within  or  on  the  surface  of  the  store.  A  demolition  charge  on  a  remotely-controlled  trolley  is  provided 
nearby,  for  use  should  die  trial  be  aborted  for  any  reason,  or  the  maximum  temperature  programmed 
be  reached  without  event. 
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Fig.  38  Solid  Propellant  Vulnerability  Tests,  Slow  Cook-Off 
Test.  Temperature  Increase  Rate:  3.33°C/h. 

RARDE,Lar£e-S£aIsd.Vc5Kl.TgaiIU.K,.) 

This  test  is  nominated  for  propellants  in  the  AOP-7  test  manual  (1982).  In  the  Large  Scaled 
Vessel  (LSV)  Test  (heated  type)  the  material  under  test  is  sealed  in  a  standard  vessel  made  of  seamless 
steel  tubing  (76  mm  ID,  95.2  mm  OD)  with  welded  end-plugs  450  mm  apart.  The  volume  of  the 
vessel  is  approximately  2  liters.  Nickel-chrome  heating  wire  is  wound  around  the  tube  and  current  is 
applied  to  heat  it  at  5°C  per  minute,  monitored  by  means  of  a  thermocouple  inside  the  vessel  and  in 
Lhermal  contact  with  its  inner  face  through  its  housing.  In  due  course  a  runaway  reaction  begins  and 
failure  of  the  vessel  ensues.  The  violence  of  tire  response  is  assessed  by  means  of  the  degree  of 
fragmentation  of  the  vessel.  A  variant  of  this  test,  using  internal  ignition  is  used  in  the  U.K.  for 
hazard  division  assessment  of  propellants. 

RARPE  Temperature  of  Ignition  Test  (.U.K.) 

This  test  is  nominated  for  the  AOP-7  tests  manual  (Allied  Ordnance  Publication,  1988).  It  is  used 
for  all  types  of  explosive  material  A  standard  glass  test-tube  (100  mm  long,  12,13  mm  OD) 
containing  0.20  g  of  prepared  sample  powder,  cut-out  discs  or  pellets  as  appropriate)  is  inserted  into  a 
metal  block  which  is  externally  insulated  and  lieated  at  5°C  per  minute.  The  temperature  of  ignition 
and  information  concerning  the  nature  of  the  event  are  recorded.  The  heating  rate  can  be  varied  if 
desired. 

NWC  Super  Small  Scale  Cook-Off  Bomb  (SSCP) 

(U.S.,  Pakulak  and  Cragin,  1983) 

In  this  method,  the  test  fixture,  a  super-small  scale  cook-off  bomb  (SSCB),  consists  of  a  steel 
tube  2.8  cm  OD/2.3  cm  ID  x  7.6  cm  long  (-1,1-inch  OD/0.9-inch  ID  x  3-inches  long)  spot  welded  (4 
points)  to  a  witness  plate  6  cm  dlaircter  x  1  cm  thick  (3-inch  diameter  x  3/8-inch  thick),  A  similar  top 
plate  is  used  and  bolted  to  the  tube-witness  plate  for  explosive  confinement.  An  internal  aluminum 
sleeve  2.3  cm  OD/2.0  cm  ID  x  7.6  cm  long  (-0.9-inch  OD/0,8-inch  ID  x  3-inches  long)  is  used  to 
spread  input  heat  evenly  and  temperature  measurement  is  made  with  a  thermocouple.  Tile  explosive 
material  is  cast,  pressed,  or  cured  in  steel  tubes  2  cm  OD/1.5  cm  ID  x  3  2  cm  long  (0.8- inch  OD/O.6 
inch  ID  x  1 .25-inches  long).  Each  tube  contains  about  10  grains  of  explosive  and  two  steel  tubes  are 
used  per  test.  This  allows  a  1 .3  cm  ( 1/2-inch)  void  area  for  thermal  expansion.  The  outer  steel  tube  is 
heated  with  two,  125  watt  bard  heaters.  With  220  VAC  applied,  the  heating  rate  is  -rc/see  and  is 
-O  2°C/scc  with  1 10  VAC.  The.  higher  hearing  rate  is  similar  to  a  heavy  steel  wall  1.3  cm  (—0.5 -inch) 
munition  in  a  fuel  fire;  the  lower  heating  rate  is  similar  to  an  area  that  is  not  in  a  direct  heat  path  from 
the  fuel  fire;  i.e..  fuze  cup,  thermally  protected  case,  etc. 

This  test  method  is  used  for  determining  the  cook-off  temperature  and  reaction  of  an  explosive 
under  confined  conditions.  The  lime-temperature  plot  is  used  to  determine  the  cook-off  temperature  at 
a  given  heating  rate,  The  body  fragments  and  witness  plate  are  used  to  assess  the  severity  of  the 
reaction  This  rest  satisfies  the  mandatory  requirements  for  qualification  testing  of  boaster  and  main 
charge  explosives.  The  cook-off  temperature  is  dependent  on  hearing  rate  and  can  be  used  to  predict 
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cook-off  time  and  temperature  in  a  fuel  fire.  The  severity  of  the  cook-off  reaction  is  assessed  in  the 
following  manner  and  is  listed  below: 


mm  *TT7ni  *ti  aa 

Intact/Split 

1-4  Pieces 

Many  Pieces 

Many  Pieces 

Small  Pieces 

Dent  £  1.3  cm  (0.5") 

Dent  £  1,3  cm  (0.5") 

Dent  <  1,3  cm  (0.5") 

Nearly  Punched 

Punched  Hole 

Cook-tiff  Reaction 


Burning 
Deflagration 
Explosion 
Partial  Detonation 
Detonation 


The  severity  of  the  cook-off  reaction  is  dependent  on  the  heating  rate. 

NWC  Small  Scale  Cook-Off  Bomb  ISCSI  fU.S.l 

The  SCB  is  adopted  in  the  United  Nations  recommendations  (Recommendations  on  the  transport 
of  dangerous  goods,  19X6)  and  simulates  transport  and  storage  situations  involving  slow  external 
heating  of  substances.  In  the  test  a  sample  of  the  substance  to  be  tested  is  contained  in  a  400  cc  steel 
vessel  with  walls  3  mm  thick.  TK  vessel  is  electrically  heated  and  is  equipped  with  thermocouples. 
After  insertion  of  the  test  material  the  temperature  is  raised  from  300°C  at  a  rate  of  3°C  a  minute.  The 
test  is  considered  positive  when  the  test  material  has  deformed  the  vessel  or  ihe  witness  plate  which 
forms  the  bottom  of  the  vessel. 


Substance 


Table  12.  Some  Typical  Results  for  the  Small 
Scale  Cook-Off  Bomb  Test  (SCB). 
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Guanidine  nitrate 
Propellant  (cannon) 

Nitro  guanidine 

Tetryl  _  _ 

data  taken  at  a  higher  healing  rate  of  lfiG's. 


>x  iVC  Toaster  Oven  Slow  Cook-Off  Technique  fU.S.l 


Ihe  SCV  test  was  initially  implemented  because  it  became  apparent  that  very  little  was  known 
regarding  the  changes  that  occur  within  propellants  as  a  function  of  temperature  during  a  slow 
cookoft.  Speculations  abounded  that  a  particular  propellant  may  swell  or  foam,  and  possibly  even 
partially  liquefy  beyond  some  temperature,  but  very  little  data  existed.  Even  less  was  understood 
about  how  variations  in  propellant  formulation  affect  elevated  temperature  behavior.  Therefore,  a 
simple  test  was  designed  and  implemented  to  provide  insight  and  empirical  data  regarding  propellant 
behavi.  r  as  a  function  of  temperature. 


Early  SCV  tests  were  conducted  with  cylindrical  propellant  samples  contained  in  Pyrex  graduated 
cylinders  that  were  healed  at  25°F/hr  in  modified  household  toaster  ovens  while  physical  changes  as  a 
function  of  temperature  were  observed  with  a  video  camera,  These  early  "toaster  oven"  SCV  test 
efforts  revealed  the  value  of  this  type  of  test,  and  subsequent  needs  stimulated  the  evolution  of  the 
current  SCV  test. 


The  current  SCV  test  is  designed  to  provide  the  following  data: 

1 .  The  bulk  volume  change  of  the  propellant  as  a  function  of  temperature. 

2 .  Visible  physical  slate  changes  that  occur  as  a  function  of  temperature.  Most  propellants 
undergo  visually  observable  physical  changes  as  a  function  of  temperature.  Some  propellants  soften, 
swell,  and/or  foam  a  great  deal,  while  others  show  only  small  changes.  Other  propellants  partially 
liquefy  due  to  binder  de polymerization  and/or  "melting''  of  one  or  more  .  ngredients.  Sometimes  the 
liquid  or  semi-liquid  phase  foams  and/or  "boils"  prior  to  autoignition.  Significant  color  changes  often 
occur  as  a  function  of  temperature  as  well. 

3.  The  radial  thermal  profile  through  the  propellant  sample  as  a  function  of  temperature  and  time. 
Interna!  exothermic  activities  as  well  as  endothermic  decompositions  and/or  phase  changes  can  be 
observed  via  thermocouple  probes  placed  in  a  three-dimensional  spatial  arrangement  throughout  the 
sample. 
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4.  The  oven  air  temperature  and  the  temperatures  and  thermal  profile  within  the  propellant  sample 

at  the  time  of  autoignition, 

5 .  Sometimes  the  location  of  autoignition  can  be  observed.  Autoignidon  can  occur  in  the  gas 
phase  above  the  propellant  sample,  on  a  propellant  surface  exposed  to  air,  or  near  the  centroid  of  the 
propellant  sample. 

6 .  The  composition  and  volume  of  gases  given  off  by  the  heated  propellant  as  a  function  of 
temperature  and  time.  Up  to  the  present  time,  this  has  not  been  done  at  the  Naval  Weapons  Center. 

This  type  of  data  is  useful  for  predicting  whether  sufficient  propellant  physical  property 
degradation  and/or  expansion  will  occur  in  a  full-scale  motor  to  cause  propellant  grain  collapse  and/or 
exudation  of  propellant  through  the  noz2le.  In  addition,  knowledge  of  the  physical  state  of  tire 
propellant  and  the  degree  of  propellant  confinement  at  the  time  of  autoignidon  provides  important 
dues  about  how  violently  the  propellant  will  react  in  a  rocket  motor.  Data  provided  by  the  SCV  test 
can  also  be  used  to  estimate  the  dme-to-reaction  and  cookoff  temperature  of  full-scale  motors.  As  a 
propellant  formulation  research  tool,  the  SCV  test  can  provide  dues  and  insights  regarding  what  is 
occurring  within  a  propellant  as  a  function  of  temperature.  Knowledge  of  how  propellant  formulation 
changes  affect  propellant  behavior  during  slow  cookoff  can  be  obtained  by  conducting  a  matrix  of 
tests  in  which  one  ingredient  change  is  made  at  a  time. 


Figure  39  shows  an  assembly  of  the  basic  apparatus  used  for  the  SCV  test.  A  similar  but  less 
refined  apparatus  was  used  for  the  earlier  "toaster  oven"  SCV  tests. 


Fig.  39.  SCV  Test  Apparatus  Assembly. 


The  most  recent  version  of  (he  SCV  test  is  conducted  with  a  propellant  sample  cast  or  machined  to 
form  a  cylinder  1.80  incites  in  diameter  and  2.00  inches  long.  The  propellant  sample  fits  with  a  small 
clearance  in  a  custom-designed  12-inch-tallPyrex  graduated  cylinder.  The  Pyrex  graduated  cylinder 
has  parallel  red  and  white  markings  spaced  0.125  inch  apart  so  that  they  can  be  easily  observed  with  a 
video  camera  against  a  light  or  dark  colored  background.  Eight  thermocouple  probes  are  integrated 
into  the  base  of  the  graduated  cylinder  and  extend  into  the  propellant  sample.  Two  thermocouples  are 
placed  at  the  outside  radius,  three  at  the  half-radius,  and  three  adjacent  to  the  vertical  centerline  of  the 
propellant  sample.  The  thermocouples  at  the  outside  radius  arc  180  degrees  apart  and  lie  on  the 
horizontal  centerplane  of  the  propellant  sample.  The  three  thermocouples  at  the  half-radius  and  the 
three  thermocouples  at  the  centei  are  spaced  120  degrees  apart  at  three  heights  <  l/4h,l/2h.  and  3/4h)  to 
form  a  three-dimensional  spatial  arrangement. 

All  of  the  SCV  tests  presented  in  this  paper  were  instrumented  with  bare,  0. 1 25-  inch -diameter, 
stainless  steel  thermocouple  probes.  In  the  future,  0.0625-inch-diameter,  glass  or  ceramic-coated 
stainless  steel  thermocouple  probes  will  be  used.  The  smaller  probes  displace  less  propellant,  conduct 
less  heat  into  or  out  of  the  sample,  and  can  be  more  accurately  positioned  within  the  propellant 
sample.  In  addition,  there  is  some  speculation  that  propellant  decomposition  can  be  catalyzed  by 
allowing  the  healed  propellant  to  be  in  direct  contact  with  metals  containing  iron,  chromium,  nickel, 
copper,  etc.,  and  it  is  felt  that  such  contact  should  be  avoided. 

The  1/2-inch  thick  white  aluminum  oxide  ceramic  fiberboard  spacers  shown  in  Fig.  39  insulate  the 
ends  of  the  propellant  sample  to  reduce  nonradial  heat  conduction.  A  penetrometer  consisting  of  two 
0.0625-inch-diamcter,  2.75-inch-!ong  pins  loaded  by  a  255-gram  head  is  shown  in  the  glass  tube  on 
top  of  the  propellant  sample,  with  the  tips  of  the  weighted  pins  resting  on  the  propellant  surface.  The 
penetrometer  places  point  loads  of  approximately  92  psi  upon  the  surface  of  the  propellant  sample  and 
provides  visual  evidence  of  when  the  propellant  has  softened  sufficiently  to  allow  the  penetrometer 
pins  to  penetrate  the  propellant.  The  pin  spacing  was  chosen  so  that  penetrometer  pin  location  did  not 
coincide  with  the  location  of  thermocouple  probes  and  so  that  heat  transfer  through  the  pins  would 
have  a  minimal  effect  upon  the  thermal  events  occurring  in  the  center  region  of  the  propellant  sample. 

Figure  40  shows  a  schematic  of  the  SCV  heating  chamber.  The  SCV  oven  in  current  use  is  a 
heavily  insulated  chamber  that  has  0.25-inch  thick  steel  interior  walls.  The  oven  has  an  internal 
volume  of  approximately  27  ft3  and  is  heated  with  an  array  of  five  3000-watt  electrical  healers  that  are 
isolated  from  the  main  oven  cavity.  Air  is  continuously  circulated  through  the  isolated  heater  bank  and 
oven  chamber  volume  with  a  fan  to  eliminate  significant  temperature  gradients  within  the  oven  and  to 
ensure  even  heating.  Chamber  temperature  as  a  function  of  time  is  controlled  with  a  Honeywell 
programmable  temperature  controller.  The  test  apparatus  is  indirectly  illuminated  with  six  40-watt 
appliance  light  bulbs  so  that  a  good  video  image  can  be  obtained.  The  sample  is  viewed  with  a  video 
camera  through  a  pair  of  Pyrex  window*  mounted  in  the  side  of  the  chamber.  The  internal  chamber 
cavity  is  instrumented  with  a  flush-mounted  high-temperature  piezoelectric  blast  pressure  gage  and 
four  air-temperature  thermocouples.  Two  of  the  air- temperature  thermocouples  are  adjacent  to  the 
propellant  sample. 


uagwicn  kcwwt  man 

Fig  40.  SCV  Heating  Chamber. 

SCV  Test  Description 

The  SCV  test  is  conducted  so  that  the  heating  cycle  can  be  completed  in  one  working  day.  During 
the  first  hour,  the  chamber  is  heated  at  a  linear  rate  to  a  predetermined  preheat  temperature.  Then  the 
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chamuer  temperature  is  ramped  at  25°F/hr  until  autoignilion  of  the  sample  occurs.  The  preheat 
temperature  is  selected  so  that  the  total  duration  of  the  test  will  be  between  7  and  9  hours.  The  25°F/hr 
heating  rale  was  chosen  for  two  reasons:  (1)  to  expedite  the  test  and  (2)  to  scale  the  heating  rate  to  the 
sample  size. 

The  subscale  propellant  samples  are  heated  at  25°F/hr  in  an  attempt  to  approximate  thermal  profile 
similitude  with  the  bulk  propellant  in  a  typical  full-scale  rocket  motor  heated  at  6°F/hr  Arguments  can 
be  made  for  maintaining  temperature  differential  similitude  versus  temperature  gradient  similitude  or 
some  condition  in  between  the  two  conditions.  The  25°F/hr  heating  rate  was  empirically  chosen  to 
represent  a  reasonable  intermediate  condition  of  thermal  similitude.  While  the  25°F/hr  heating  rate  is  a 
compromise,  and  true  similitude  (if  "true"  similitude  can  be  defined)  is  probably  seldom  achieved 
since  each  rocket  motor  and  propellant  is  different,  the  heating  rate  has  yielded  meaningful  data,  and 
no  changes  to  the  adopted  heating  profile  scheme  seem  necessary  at  this  time. 

Test  instrumentation  consists  of  1 2  thermocouples  with  the  placements  described  earlier,  blast 
overpressure  within  the  chamber  volume,  and  full-time  video  coverage.  Gas  collection,  sampling,  ami 
analysis  is  an  option  that  could  be  implemented  to  meet  specific  needs.  After  the  entire  test  has  been 
recorded  on  3/4-inch  video  tape,  the  full  duration  of  the  test  prior  to  autoignition  is  time-lapsed  in  the 
video  laboratory  so  that  a  period  of  5  minutes  is  compressed  into  1  second.  The  video  then  gives  an 
animated  account  of  changes  that  occurred  in  the  propellant  sample  as  a  function  of  time  and 
temperature. 


ted  "Toaster  Oven"  and  SCV  Test  Results 

At  the  present  time,  "toaster  oven”  and/or  SCV  tests  have  been  conducted  with  17  propellant 
formulations.  While  excellent  duplication  of  results  was  obtained  when  the  same  propellant 
formuladons  were  retested  under  identical  conditions,  virtually  each  of  the  17  propellants  exhibited 
dramatically  different  behaviors.  This  was  a  surprise,  since  it  was  felt  that  propellants  within  the  same 
general  class  (HTPB/AP  propellants,  for  example)  would  all  behave  in  a  more  or  less  similar  fashion. 
On  the  contrary,  seemingly  minor  formulation  changes,  such  as  the  substitution  of  yellow  iron  oxide 
for  red  iron  oxide,  were  found  to  have  a  large  impact  on  how  the  propellant  behaved  in  slow  cookoff. 
The  type  of  binder,  curing  agent,  bum  rate  catalyst,  choice  of  plasticizer,  and  presence  or  absence  of 
other  ingredients  were  often  found  to  dramatically  affect  the  behavior  of  a  propellant  at  elevated 
temperatures. 

lire  data  obtained  from  the  early  "toaster  oven"  tests  are  summarized  in  Table  12.  Table  13 
provides  propellant  formulation  data  for  the  propellants  listed  in  Table  12.  The  data  obtained  from  the 
more  current  and  more  refined  SCV  test  are  summarized  in  Table  14.  Table  15  provides  the  propellant 
formulation  data  for  the  propellants  tested  in  the  SCV  chamber. 

The  "toaster  oven"  tests  were  conducted  in  a  manner  fundamentally  similar  to  the  way  tire  SCV 
tests  were  conducted  The  primary  differences  between  the  "toaster  oven"  test  and  the  SCV  rest,  such 
as  sample  size  and  penetrometer  point  loading,  are  documented  in  Tables  12  and  14;  it  is  important  to 
note  these  differences  when  comparing  the  data  listed  in  Tables  12  and  14.  It  is  also  important  to  point 
out  that  oven  thermal  gradients  and  poor  thermocouple  instrumentation  technique  yielded  unreliable 
maximum  propellant  sample  internal  temperature  values  for  the  rests  conducted  in  the  toaster  ovens. 

Space  docs  not  allow  a  thorough  discussion  or  analysis  of  the  data  presented  in  Tables  12  through 
15.  However,  several  interesting  observations  are  briefly  summarized: 

1 .  Large  differences  in  propellant  slow  cookoff  behavior  were  observed,  even  between 
propellants  in  the  same  basic  family.  The  cookoff  behavior  of  nine  R-45M/AP,  three  B-2000/AP,  and 
three  CTPB/AP  propellants  is  summarized  in  Tables  12  and  14,  Of  these  propellants,  only  Propellants 
D,  E,  and  L  (all  members  of  the  R-45M/AP  family)  exhibited  rlosely  similar  behaviors, 

2.  Propellants  A  and  B  are  the  same  basic  propellant  formulation  and  differ  only  in  RDX  content 
Propellant  A  is  a  clone  of  a  Fleet  propellant  and  contains  4%  RDX  while  Propellant  B  discs  not  contain 
any  RDX.  The  data  in  Table  12  reveal  that  the  presence  of  RDX  lowered  the  auioignirion  air 
temperature  by  55°F,  reduced  the  temperature  of  initial  propellant  expansion  by  26°F.  and  increased 
die  volumetric  expansion  of  the  propellant  by  a  factor  of  2.5. 

3.  Propellants  E  and  F  are  also  the  same  basic  propellant  formulation;  diey  differ  primarily  in  die 
type  of  bum  rate  catalyst  used  in  the  formulation.  Propellant  E  is  a  clone  of  a  Navy  Fleet  propellant 
and  is  formulated  with  red  iron  oxide  as  the  bum  rate  catalyst,  while  Propellant  F  is  formulated  with 
yellow  iron  oxide.  The  seemingly  insignificant  change  of  substituting  yellow  iron  oxide  for  red  iron 
oxide  reduced  the  temperature  of  initial  propellant  expansion  by  49“F,  lowered  the  autoignilion  air 
temperature  24'JF,  and  increased  the  volumetric  expansion  by  a  factor  of  2.3.  Subsequent 
DSC/DTA/TGA  studies  with  the  yellow  iron  oxide  revealed  that  weight  ioss,  probably  due  to 
dehydration,  began  to  occur  at  about  320°F  very  near  the  temperature  of  initial  propellant  expansion. 


4.  The  B-2000/AP/copper  chromite  propellants  (Propellants  C  and  1}  reacted  many  orders  of 
inaptitude  more  violently  under  the  minimum  confinement  present  in  the  SCV  test  than  any  of  the 
other  AP-based  propellants.  In  addition,  these  two  propellants  have  very  similar  formulations,  yet 
they  exhibited  a  large  difference  in  volumetric  expansion. 

5.  The  formulation  of  Propellant  N  is  similar  to  the  formulations  of  Propellants  D  and  L.  The 
primary  difference  is  the  bum  rate  modifier.  Propellant  N  was  the  only  one  tested  that  contained  FcF3. 
The  data  listed  in  Tables  12  through  15  provide  evidence  that  the  FeF3  substantially  lowered  the 
autoignition  temperature  of  Propellant  N. 

Table  12.  Toaster  Oven  Test  Data  Summary. 


Sample  size  *  1  375  inches  >n  diameter  by  2  750  inches  long 
PentdCttCrser  pom:  load  77  pn. 

All  tests  were  conducted  m  modified  toaster  ovens 


Prope'lant 

temperature  o* 
initial  expansion. 
air/mternala.*f 

Temperatu**  at 

which  expansion 
stopped, 

air/internal*.  *f 

Penetrometer  movement. 

air/mtemal-.*F 

Volumetric 

Autoignition 

temperature. 

air/rnternal*.  aF 

Relative 

reaction 

violence** 

Begin 

End 

Length. 

inches 

% 

A 

334/31* 

367/340 

EaSI 

■S3 

96 

2  5 

mm 

360/349 

41 3/409c 

... 

- 

38 

436/458 

3  8 

i 

No  expansion 

•- 

4 1  4/398 

20 

None 

observed 

95 

0 

390/361 

m 

- 

74 

4?  2/40  7  * 

1  5 

E 

378/363 

401/392 

c 

2B 

413/41 1® 

20 

MM 

329/321 

362/358 

- 

- 

65 

389/389 

20 

mm 

255/237 

229/211 

9 

Stic1 

28l/2  79d.f*h 

3  5/1 1 

293/247 

3  38/266 

9 

85 

37&'J69U.f.f’ 

i  k 

i 

33 1/3»  1:407/391' 

354/331  422/416 

E33 

32/24/45 

421>43  7dAm 

9  2 

j 

315/303 

388/391 

insr 

12^;.;^'; 

9 

93 

3i'tt2T^.r.h 

1 

K 

354/336 

3*8/365 

u 

... 

26 

4 10/4  ?  5h 

20 

internal  temperature  values  are  not  fully  reliable  on  these  early  tests  due  to  poor  thermocouple  placement  and 
fiatunng  technique*  as  well  as  theimel  gradient*  in  the  oven* 

^Comparative  scale.  0  s  no  reaction,  1  *  quiescent  born.  10  =  detonation 
c5mall  amount  of  expansion  observed  just  pno*  to  autoigmtion 
tf’liQu'd'  phase  observed  prior  to  aytoignition 
€igmt>or>  occurred  on  top  surface  of  sample 

^Propellant  boiled  over  and  ignited  upon  contact  with  the  oven  heating  element: 

9fuH  penetrometer  excursion  observed 

^Propellant  darkened  in  color  during  heating 

'Vapor  phase  explosion  followed  by  a6i  second  Quiescent  burn 

/Sample  sue  =  1  750  inches  m  diameter  by  2  000  inches  'ong  Penetrometer  po>nt  load  «  92  psi 
^Surface  ignition  followed  by  a  quiescent  bum  for  2  minutes.  53  seconds 

Expansion  occurred  'n  twOseparUte  Stage:,  propellant  sample  collapse  began  to  uttur  at  378/359*?  and  stooped 
at  404/389-f 

m5moVe  observed  13  minutes pnQr  to aytoign'tion 
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Table  13.  Toaster  Oven  Tut  Data  Summary;  Propellant  Formulations. 


Propellant 

Theoretical 

1000 -*14  7psia. 

seconds 

Theoretical 

combustson  chamber 

temperature,  T 

ingredients  (luted  in  decreeing  Order  of  abundance) 

A 

- 

- 

AP.  H-45M.  RDX.  DOA,  OOl.  2rC.  MX-752,  DfTBHQ. 

PCMPOA 

8 

AP,  MSM. —  ,  DOA.  OOl.  ZrC.  HX-752.  DITBHQ, 

PCHPDA 

c 

| 

AP.  paly(l.2butyl*ne>glyCOl.  (B  2000).  Al.  iDP.  copper 
chromite,  TP-4040,  HOI.  C-I.SuHlil.  FeAAand  itAA. 
poiymeth  y!i  i  loxa  ne 

0 

, 

AP.  R-45M.  DOA.  Al,0,.  IP&J.  *4,0,  (red).  HX-752, 
Catechpf 

E 

AP,  Al,  R-45M.  iDP.  fe,03  (red).  IPDI.  HX-752,  Protech 

3105.  tnphenyt  bismuth 

f 

- 

AP.  Ai,  R-45M,  IDP.  Ee,Qi  (yellow),  IPQI.  HX  «7B.  Protech 
3105,  OOl,  triphenyl  bismuth 

G 

Proprietary  formulation  nitroglycerine,  BOX, 
nitrocellulose.  plasticize*.  elastomer,  additives 

H 

- 

- 

RDX.  WMX.  8TTN.  TME  TN.  PEG.  PCP,  PbjO*.  AI70,. 
Oesmodur  N-100.  carbon.  MkJA.CA6,  MA.tnpheny! 
bismuth 

• 

AP,  Al,  poly(1.7  butylene )glycol;  (B-20OOVHDi.  IDP.  7P. 
4040, copper  chrom.te.C-i, sulfur,  paragu -none.  fceAA 
and  HAA.  pOlydimethylsiloxane 

J 

AP,  pit«ogudftid'f^.pOlyn.J‘bvtyi*r»e}glycQi,  <(J- 
2000)>HD<.  IDP.  TP-4040.  NPGA.  C-l . sulfur. cupnc 
sulfate,  FeAA  and  h aa 

K 

- 

AP.  CTPB.  Al,  DOA,  f  e;0{  (red),  dutn -epoxy  resin, 
polybutad'ene.  binder  additives  (phenyl-8- 
naphthylarmrve;  N.N-brsn.4-dimethyl  pentyl) 
paraphenyienediamme;  rhiodiphenyiamine).  chromium 

octoate 

Table  14.  SCV  Test  Data  Summary 


Sample  i^e  =  i  750  inches  in  diameter  by  2  000  inches  long 

Penetrometer  pent  load  =  92  p»i 

All  tests  were  conducted  >n  the  SCV  test  camper 


Propellant 

Temperature  o* 

initial  expansion. 

aifinter  nal.  "T 

Temperature  at 

whi<h  e*PanS>0n 

stopped. 
air/mtern*l.  °F 

Penetrometer  movement. 

a.r/mternal,  *f 

Volumetric 

eiDansion 

Autoignition 

temperature, 

air /internal. 

Relative 

reaction 

violence- 

Begin 

End 

length. 

inches 

l 

370/359  426/4i9*> 

4057393.446/51  7 

315>297 

23/26 

446/51  7f 

1  0 

A 

327/314 

374/437 

23 

340/331 

d 

"2 

3  78/4  70 

2  5 

M 

3497338 

3  76/373 

1  6 

40 

436r56?« 

2  0 

N 

3 2 6- 3 22  3 (>7392 *> 

329732b  367r4?Q 

ISM® 

1  7*19 

367/420 

2  2 

O 

315illQ 

3«2r3J7 

265/194 

324/318 

d 

35 

421/516 

1  2 

g* 

246/236 

160/133 

2  36/226 

d 

>  1  70* 

778/3473-’ 

9  8 

p  f 

3697361 

4307508 

aim 

d 

34 

43050B 

3  2 

Q 

3337322  3957391^ 

355.1347. 405'464 

376/368 

405/464 

Q  13 

22-i  J 

405'464c.» 

2  0 

■*Compaiativesc*le-  0  -  no  reaction,  i  =  quiescent  burn.  iq  =  detonation 
^upernion  occurred m  two  stages 
cigmtron  occurred  on  top  suffice  of  sample 
<^Fu!i  penetrometer  excursion  observed 

amount  of  expansion  observed  just  poor  to  iutO'<jn>tion 
Sample  we  »  t  375  mcb«  in  diameter  by  2  750  inches  ior-g 
9Pi opeiUnt  liquified  /rid  boiled  prior  to  iutcxgmtiun 
b£  upaniion  continued  of*  tea1? 
fpropeliint  dark  erved  *n  color  during  heating 
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Table  15.  SCV  Test  Data  Summary;  Propellant  Formulations. 


Propeftant 

Theofet**!  i,t, 

t  ooe  ■*  u  ?  pit#. 

se^cOnds 

Theoretical 

combustion  chamber 
temperature,  *f 

Ingredient*  (listed  m  deceasing  order  of  abundance) 

l 

- 

AP.  R-45VWPOI,  Onamide  DQA.  AI>Qj,  HX-7S2,  carbon 

A 

AP,  A-4SM,  ROX,  DOA.  DW.  K,  HX-752,  DlYSHQ. 

PC  H  PDA 

M 

- 

AP.  R-45M/lPDi/DOVAgerite  whiter Araldrt*  fiOOVTf  T. 

2rC.  graphite 

N 

- 

AP.  R-45M4PD1.  DOA,  graphite,  fef  j.  ZrC,  AI^Oj,  riX-752 

O 

AP.  AJ.  CTPB,  Onamtde.  DOA.  MoO>.  d»Ar»-epo)fy  fesm. 
poly  butadiene,  binder  additives  (phertyl-B- 
naphthylamme.  N.M-b«(1 ,4-dimethyl  pentyl) 
pa'aphenyienediamine;  thiodiphenylaitune).  chromium 

octoate 

G 

..  _  .  . 

- 

Proprietary  formulation  nitroglycerin*.  POX. 
nitrocellulose  plasticizer,  elastomer  additives 

P 

aP.ctPb.  ai.  ballistic  modifiers 

Q 

~ 

AP.  At.  HVX.  R-45M.  DOA.  (PDl.  HX-878.  ODl.  triphenyl 
bismuth 

NWC  Large  Scale  Slow  Cook-Off  rtlSl 

A  standard  U.S.  test  is  the  slow  cook-off  test  based  on  WR-50  and  DOD-STD-2105  (Navy) 
(1982)  and  most  recently  described  in  DOD-STD-2105A  (1989  draft)  in  which  the  air  surrounding  the 
test  item  is  heated  at  a  rate  of  6°F  (3.3°C)  per  hour  until  reaction  occurs.  To  save  time  the  test  may 
begin  with  the  test  item  preconditioned  to  a  temperature  100T  (5J.5"Q  below  the  predicted  reaction 
temperature. 

The  test  equipment  (oven)  is  required  to  be  capable  of  providing  a  controlled  thermal  environment 
for  die  test  item  with  temperature  increasing  at  the  required  rate  throughout  the  test.  Its  design  must 
minimize  hot  spots  and  ensure  (by  circulation  or  other  means)  a  uniform  thermal  environment  to  the 
item  being  tested  A  means  of  avoiding  gradual  pressure  buildup  in  the  test  equipment  must  be 
provided. 

Numerous  thermocouples  are  used  to  monitor  temperature  throughout  the  test.  As  a  minimum 
thermocouples  monitor  air  and  case  wall  temperature.  It  is  particularly  valuable  if  thermocouples  can 
monitor  internal  positions  in  the  motor  too.  The  test  is  normally  performed  with  motor  nozzle  covers 
securely  in  place. 

At  die  Naval  Weapons  Center  one  or  more  externa!  video  cameras  are  used  to  monitor  the  test  and 
provide  an  estimate  of  the  reaction  violence.  Recently  an  internal  video  camera  (considered 
expendable)  has  been  added  to  observe  the  nozzle  end  of  the  tested  motor  for  exudate  and  the  location 
of  ignition.  A  steel  witness  plate  positioned  beneath  the  test  item  (and  possibly  outside  the  oven) 
helps  assess  the  reaction  violence.  A  blast  overpressure  measuring  system  is  also  used  to  assess  the 
reaction.  The  reaction  violence  is  determined  by  assessing  the  various  measurements  described  above 
as  well  as  the  post  test  condition  and  position  of  recoverable  test  item  material. 

This  large  scale  slow  cook-off  test  is  not  an  obvious  analog  of  any  particular  operational  scenario. 
The  test  conducted  is  identical  to  that  originally  specified  in  WR-50  for  determining  the  temperature  at 
the  case-liner  interface  when  reaction  occurred  In  WR-50  the  requirement  was  that  reaction  not  occur 
until  the  case-liner  interface  exceeded  300 °F.  The  recently  adopted  U.S.  “Insensitive  Munitions" 
requirement  for  slow  cook-off  is  that  no  reaction  more  violent  than  burning  occur  regardless  of  the 
temperature  and  time  during  the  test 

Because  rocket  motor  reactions  in  the  slow  cook-off  test  are  usually  corsiderably  mar  violent 
than  burning,  the  Naval  Weapons  Center  recently  studied  the  cook-off  behavior  of  four  different 
rocket  motors  at  heating  rates  of  both  6°F  per  hour  and  75°F  per  hour.  The  higher  heating  rate  was 
chosen  because  analyses  have  shown  the  possibility  of  themiil  scenarios  with  such  a  heating  rate. 

The  four  motors  studied  all  appeared  to  detonate  at  the  lower  heating  rate,  but  at  the  higher  heating  rate 
two  of  da  motors  had  much  less  violent  reactions  (at  least  approaching  burning)  while  the  other  two 
resulted  in  at  least  partial  detonations.  It  is  interesting  to  note  that  the  two  propellants  (one  HTPB/AP 
and  ate  CTPB/AP/A1  composite)  that  reacted  more  mildly  at  the  higher  heating  rate  expand  in  volume 
considerably  at  temperature  slightly  below  their  slow  cook-off  temperature  so  that  the  reaction  finally 
occurs  in  a  semi-rigid  foam  with  a  density  between  50  and  70%  that  of  the  original  propellant.  The 
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two  propellants  (one  PU/AP/Al  composite  and  one  HMX/RDX-TMETN/BTTN-reG/POO  that 
detonaied  ai  both  heating  rates  liquify  prior  to  reaction  in  the  slow  cook-off  test.  Further  thermal 
studies  of  these  behaviors  are  ongoing. 

E^ioagn  Tcmpsraiurc 

A  blasting  cap  containing  the  energetic  material,  is  immersed  to  a  fixed  depth  in  a  bath  of  molten 
Woods'  metal  (NAVORD  OD  4481 1,  1972).  The  time  of  immersion  required  to  cause  flashing  or 
explosion  is  noted.  The  temperature  of  the  bath  is  varied  and  a  number  of  tests  are  made  in  order  to 
produce  smoke,  fume  flashes,  or  explosion  over  a  range  of  approximately  2  to  10  seconds.  A 
temperature-time  curve  is  constructed  in  order  to  finalize  the  temperature  required  to  cause  flashing  or 
explosions  in  5  seconds. 

Another  typical  example  of  a  large  scale  stow  cook-off  test  is  a  test  performed  on  a  Penguin 
Warhead  (S n*ms*e  and  others,  1984).  The  warhead  was  placed  in  an  oven,  see  Fig.  41,  and  the 
temperature  of  the  air  was  raised  about  3.3  K/hour  to  simulate  the  temperature  rise  in  the  interior  of  a 
store  house  adjacent  to  a  burning  store-house.  From  the  results,  it  became  clear  that  if  the  warhead 
case  is  not  gas  tight,  a  violent  reaction  cannot  occur  (cf.  Fig.  42)  Instead  the  contents  of  the  shell 
(TNT/RDX/Wax)  did  melt  and  were  found  on  the  floor  of  the  test  stand. 


f  empera*urp 
c  interior  wall 
temperature 


Fig,  41 .  Heating  Facility  for  Slow  Cook-Off  Test. 


300 
.  2  SO 
!  200 
’  ISC- 
100 
so 


end  of  *e (.ond  test 


-Ay 

AI 

air  teinp^  . * 

.  -  e> tenor  wall  temp 

interior  wall  temp 


end  of 
first  test 


8  16  32  to  4$  56  64  72 

time  I  hours  ) 


Fig  42.  Slow  Cook-Off  Test.  Temperature  measurements. 
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5.1.8.  Fast,  Cook-Off  Tests 

In  the  fast  cook-off  tests  the  propellant,  motor,  or  munition  is  subjected  to  rapid  heating  usually 
from  direct  flame  impingement,  as  in  a  fuel  fire  test. 

5.1. 8.1.  Koenen  test 

The  sensitivity  of  solid  and  liquid  substances  to  the  effect  of  intense  heat  when  under  partial  and 
defined  confinement  is  tested  by  the  Koenen  test.  The  method  yields  quantitative  results  in  the  form 
of  the  limiting  diameter  of  an  orifice,  as  indicated  below. 

In  summary  the  substance  is  tested  as  follows.  A  cylindrical  steel  tube  (height  75  cm,  inner 
diameter  24  mm)  is  filled  with  the  substance  to  a  depth  of  60  mm.  The  top  of  the  tube  is  closed  by  a 
steel  orifice  plate  with  an  aperture  which  can  be  varied  in  diameter  (1  to  24  mm).  The  tube  is  heated 
by  four  burners  under  standard  conditions.  As  the  tube  is  likely  to  be  destroyed  during  the  test,  the 
heating  is  done  in  a  protective  steel  box.  The  burners  are  located  at  three  sides  at  the  bottom  of  the 
box  in  a  position,  which  optimizes  heating  of  the  tube.  The  decomposition  gases  may  destroy  the  tube 
(bursting  pressure  several  hundreds  of  bars)  depending  on  the  diameter  of  the  aperture  of  the  orifice 
plate.  By  testing  the  substance  with  series  of  aperture  diameters  the  largest  diameter  for  which  the 
tube  is  destroyed  in  at  least  three  fragments  is  determined.  This  diameter  is  called  the  limiting 
diameter.  Its  aperture  area  is  a  measure  for  the  effect  of  the  decomposition  of  a  material  under  severe 
heating.  Some  lypical  results  taken  from  Recommendations  on  the  Transport  of  Dangerous  Goods 
(1986)  are  shown  in  Table  16.  This  is  an  official  test  for  UN  classification  for  transportation  of 
dangerous  goods. 


Table  16 

Example  of  Results. 

Substance 

Limiting  Diameter 
(mm) 

2.4-dinitrotoluene 

99%,  cryst. 

1 

1 ,3-dinitrobenzene 

cryst. 

1 

Ammonium  nitrate 

high  dens,  prills 

I 

Ammonium  nitrate 

low  dens,  prills 

I 

Nitroguanidine 

cryst. 

1 

Guanidine  nitrate 

cryst. 

1.5 

Cellulose  nitrate 

dry 

14 

DB  (NG/NC  =  40/50) 

full  cylinder 

<  1.5 

chips 

40 

Comp  (AP/Al/bindcr  =  65/16/18 

full  cylinder 

12 

chips 

18 

KDX/NG/AP/binder  -  50/25/KV15 

12 

18 

AP/picrite/bindcr  =  75/10/15 

14 

14 

Cellulose  nitrate 

dry,  13.4%  N 

20 

5. 1.8.2.  Thermal  Delonabilitv  (Fast  Cook-Off)  NSWC  (U.S.l 

This  fast  cook-off  test  for  explosive  boosters  and  main  charge  explosives  utilizes  very  simple 
cook-off  test  apparatus.  It  consists  of  a  fire  pan  filled  with  standard  JP-5  jet  fuel  and  a  cook-off  bomb 
containing  the  explosive  to  be  studied.  The  bomb  itself  consists  of  a  standard  3.8  cm  long  2.5  cm 
internal  diameter  (2.5  inch  long  x  1  inch  diameter)  pipe  nipple  enclosed  with  two  pipe  caps.  A 
thermocouple  is  inserted  through  one  pipe  cap  and  attached  to  the  inner  surface  of  the  bomb,  'the 
bomb  contains  the  explosive  cylindrical  charge,  25  mm  in  diameter  and  25  mm  long.  The  fuel  is 
ignited  and  the  resultant  temperature  rise  is  recorded.  Tlie  cook-off  temperature  and  the  effect  of  the 
cook-off  on  the  bomb  is  recorded.  The  cook-off  temperatures  reported  here  are  those  of  the  bomb 
inner  surface/explosive  surface  interface.  Temperature  increases  at  the  bomb  inner  surface  are  usually 
between  40°C7minute  and  50cCYminute.  Temperature  at  cook-off  vs.  heating  rate  can  be  determined. 
Five  levels  of  severity  of  reaction  are  observed  in  this  test: 

Level  I :  Mild  burning 
Level  2:  Mild  pressure  rupture 
Level  3:  Violent  pressure  rupture 
Level  4:  Partial  detonation 
Level  5:  High  order  detonation 

5. 1.8.3.  Fuel  Fire  Tesl 

A  standard  U.S.  test  is  the  fuel  fire  (fast  cook-off  test)  based  on  DOD-STD-2105  (Navy)  (1982) 
and  MIL-STD-1648(AS)  (1982)  (see  also  NATO  AC/310  SG  II  STANAG  4240:  Fuel  Fire).  The 
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most  resent  description  of  the  test  is  tie  sen  bed  in  MILSTD-2105A.  In  this  test  an  item  is  suspended 
horizontally  3  feet  (0.9  m)  above  the  surface  of  a  pit  filled  with  JP-5,  JP-4,  JP-8,  or  JET  A-1  jet  fuel. 
The  flame  temperature  is  determined  by  measurements  from  four  thermocouples  (with  time  constants 
of  0, 1  second  or  less)  located  4  to  8  inches  outside  the  ordnance  slrin  (positioned  on  each  end  and 
side  of  the  ordnance  in  a  horizontal  plane  through  the  ordnance  centerline).  The  test  specification 
states  that  flame  temperature  shall  reach  1000°F  (538 "C)  within  30  seconds  after  ignition  as  measured 
by  any  two  of  the  thermocouples.  An  average  flame  temperature  of  at  least  160O°F  (870°C)  as 
measured  on  all  valid  thermocouples  (without  contribution  of  the  burning  ordnance)  is  considered  a 
valid  test.  This  temperature  is  determined  by  averaging  the  temperature  from  the  time  the  flame 
reaches  100fl°F  until  ail  ordnance  reactions  arc  completed.  Reaction  severity  is  determined  from  video 
coverage  of  the  entire  test  (usually  from  several  distances  and  perspectives)  and  by  post  test 
examination  of  the  condition  and  positions  of  debris.  Blast  overpressure  measurements  are  valuable  if 
violent  explosions  or  detonations  occur. 

The  test  site  (fire  pit)  must  be  large  enough  to  ensure  complete  engulfmem  of  the  test  item  by  fire 
for  the  duration  of  the  test  Generally  complete  engulfment  can  be  provided  if  the  pit  dimensions  arc 
at  least  10  feet  larger  in  all  directions  than  the  dimensions  of  the  munition.  In  addition,  the  burning 
area  of  the  pit  must  be  at  least  400  square  feet  (36  square  meters)  to  ensure  a  full  intensity  fire.  The 
item  is  tested  in  the  configuration  appropriate  to  the  logistic  phase  being  duplicated  by  the  test.  Items 
with  rocket  motors  should  be  restrained  to  avoid  launching  due  to  a  propulsive  reaction.  However, 
the  restraining  and  suspension  methods  should  not  interfere  with  heating  of  the  item. 

External  conditions  can  have  a  major  influence  on  the  test  results.  For  example  even  slight  wind 
can  affect  the  flame  temperature  due  to  effects  on  flame  turbulence.  Moderate  wind  or  gusts  can  cause 
intermittent  or  irregular  heating  as  the  flame  whips  around  and  sometimes  fails  to  engulf  the  test  item. 
In  cold  weather  the  fuel  is  more  difficult  to  ignite  and  growth  to  a  full  intensity  fire  may  take  several 
minutes. 

From  observation  of  a  great  many  fast  cook  off  tests  in  the  U.$.  it  is  concluded  that  the  motor 
case  is  the  predominant  factor  in  determining  the  violence  of  rocket  motor  responses  to  the  test.  Case 
materials,  insulation,  liner,  attachments  (including  wings  and  fins),  and  design  details  all  seem  to  be 
more  influential  than  the  specific  propellant  enclosed.  It  seems  to  be  impossible  to  predict  the  fast 
cook-off  response  of  a  full-scale  munition  from  subscalc  tests.  Three-dimensional  heat  transfer 
analyses  may  be  useful  provided  all  details  of  the  tested  munition  are  modeled  including  all  internal 
and  external  heat  paths  of  the  fully  assembled  unit. 

Some  motor  case  designs,  specifically  steel  strip  laminate  end  fiber/epoxy  composite,  have  consis¬ 
tently  yielded  mild  reactions  because  the  heat  of  the  fire  causes  the  case  to  fail  before  ignition  of  the 
propellant.  Monolithic  cases,  on  the  other  hand,  have  shown  inconsistent  results.  However  the  incoti 
sistencies  can  be  traced  to  differences  in  fine  temperature  or  internal  and  external  heat  paths  of  the  case 

Recently  the  Naval  Weapons  Center  has  added  two  refinements  to  the  test  that  greatly  increase  the 
information  obtained.  One  of  these  refinements  is  the  use  of  a  heavily  insulated  video  camera 
positioned  at  the  motor  nozzle  exit  to  observe  the  motor  bore  during  the  test.  The  other  refinement 
involved  the  use  of  a  9  MEV  x-ray  system  operating  across  the  fire  pit  during  the  test.  Both  of  these 
instruments  have  provided  visual  records  of  events  occurring  in  rocket  motors  throughout  the  test. 

In  Evans  and  others  (1984)  a  description  is  given  of  the  fuel  fire  experiments  performed  with 
rocket  motors  produced  by  Royal  Ordnance  Summerfield  consisting  of  a  double  base  propellant 
directly  bonded  to  a  casing  manufactured  following  the  strip  laminate  technique.  The  four  trials  ended 
in  motor  bum  out  or  mild  pressure  bursts.  Also  the  results  of  some  experiments  with  exposure  of  the 
locket  motor  to  a  burning  propane  torch  are  described. 

5.2.  IGNITION  TO  DEFLAGRATION 

5.2.1.  Introduction 

The  transition  of  a  combustible  system  from  a  nonreactive  or  very  slowly  reactive  state  to  the  state 
of  self-sustained  combustion  can  either  be  effected  by  an  external  source  of  ignition  or  may  originate 
in  the  combustible  system  on  its  own,  if  die  boundary  conditions  are  in  an  appropriate  range.  This 
latter  process  is  called  autoignition  or  thermal  explosion  and  has  been  dealt  with  in  Section  5.1  of  this 
AGARDograph.  Ignition  is  the  beginning  of  every  combustion  process.  Hence  it  must  be  handled 
effectively  when  a  controlled  combustion  process  is  to  be  initiated,  and  it  must  be  prevented  reliably  if 
accidental  fires  and  explosions  arc  lo  be  avoided.  This  process  is  also  important  in  laboratory  type 
investigations  either  to  look  into  die  ignition  process  itself,  or  else  to  classify  the  sensitivity  ot  propel¬ 
lants  with  respect  to  planned  or  accidental  ignition  stimuli,  to  classify  additives,  or  to  assess  the  influ¬ 
ence  of  external  parameters.  Concepts  such  as  minimum  ignition  energy  or  ignition  temperatures  have- 
been  introduced  in  this  manner,  notions  which  have  certain  merits  in  spite  of  the  fact  that  their 
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meaning  is  equivocal  and  that  boundary  conditions  are  important,  which  usually  is  ignored  when 
applying  the  data  to  other  situations. 

Solid  propellant  ignition  is  both  a  process  and  the  successful  completion  of  that  process.  As  a 
propellant  sample  is  externally  heated,  there  is  an  increase  in  the  surface  temperature  and  a  build  up  of 
a  thermal  profile.  When  gasification  of  the  sample  begins,  the  gaseous  products  begin  to  react 
exothermically.  This  heat  release  increases  the  gas  temperature,  and  thus,  the  reaction  rates.  With 
additional  heating  and  accumulation  of  gas  phase  species  the  flame  will  "snap  back”  to  the  propellant 
surface.  At  this  point,  the  flame  provides  sufficient  energy  for  propellant  pyrolysis,  the  external  heal 
source  is  no  longer  necessary,  and  ignition  is  complete.  These  processes  are  graphically  illustrated  n 
the  general  log  flux-log  time,  ignition  plot  shown  in  Fig.  43. 


•  EFFECT  ON  FLUX  GENERAL: 

•  WHEN  AN  ENERGETIC  MATERIAL  IS  SUBJECTED  TO  A  HEAT 
FLUX  (ENERGY  INPUT)  SEVERAL  PROCESSES  OCCUR 


•  LOCATION  OF  THESE  LINES  (AND  HENCE  ENERGY  RELEASE) 

dependent  on  many  variables 

Fig.  43.  General  Depiction  of  Ignition  Process. 


For  a  given  energy  level  (the  dotted  line  in  Fig.  43)  a  series  of  events  are  shown  at  various  times 
over  which  the  sample  is  subject  to  the  flux.  For  some  initial  lime,  nothing  appears  to  be  happening. 

If  the  energy  flux  is  terminated  during  this  lime  and  the  sample,  examined,  no  significant  decomposi’ 
tion  of  the  exposed  surface  is  seen.  Figure  44  shows  a  sample  of  a  high  energy  propellant  containing 
niiramine  which  was  subjected  to  200  cal/cm^sec  for  a  lime  just  prior  to  first  gasification  (evidenced 
by  "first  tight"  detected  by  a  photodiode).  No  significant  reaction  has  occurred  but  a  thermal  profile  A 
being  established  within  the  solid.  It  is  not  until  the  "first  gasification"  time  is  achieved  that  the  sam¬ 
ple  sums  to  significandy  decompose.  The  flux  has  established  and  deepened  the  thermal  profile  in  the 
solid  until  a  surface  temperature  is  reached  that  causes  significant  ablation/decomposition  at  the  sur 
face.  For  exposures  slightly  longer  than  the  time  necessary  for  this  initial  gasification,  the  sample 
continues  to  gasify  but  does  not  ignite  in  the  classic  sense  of  ignition.  That  is,  if  the  external  energy 
flux  is  removed,  the  sample  will  cease  gasifying,  tile  temperature  profile  in  the  solid  will  collapse,  and 
the  sample  will  not  combust.  Figure  44b  is  a  sample  subjected  to  200  cal/cm^sec  at  a  time  just  after 
first  gasification  (as  evidenced  by  ''first  light”)  and  shows  some  decomposition  of  the  surface,  while 
Fig.  44c  shows  another  sample  at  200  cal/cmisec  and  a  time  just  less  than  that  required  for  "go/no-gu " 
ignition.  This  sample  shows  significant  decomposition  Ignition  is  not  achieved  until  the  conditions 
of  flux-time  associated  with  the  tine  indicated  as  "giVno-go  ignition”  on  Fig.  43  have  been  achieved. 

At  this  time,  and  for  longer  exposure  times,  the  sample  is  ignited  in  the  sense  that  if  the  external  en¬ 
ergy  flux  is  removed,  the  sample  will  continue  to  bum  by  itself  without  the  external  stimulus  (Boggs, 
et  al.  1984).  There  is  another  region  of  "overdriven”  combustion-higher  fluxes  and  steeper  thermal 
profiles,  where  removal  of  the  flux  will  also  cause  (he  sample  to  extinguish  (Ohlemiller,  etal,  1 972;. 

Exposing  a  solid  propellant  to  high  energy  levels  may  not  be  sufficient  to  initiate  combustion.  The 
pre-ignition  region  is  important  in  that  it  is  in  this  region  that  the  solid  has  gasified  into  reactive 
intermediate  species  (pyrolysis  products),  but  these  intermediate  species  have  not  reacted  to  final 
products;  thus  self-sustained  combustion  has  not  been  attained.  Unfonunately,  many  investigators 
view  propellant  ignition  as  simply  a  switch  based  on  *  critical  temperature  associated  with  the  surface 
temperature  of  the  solid  When  satisfied,  an  instantaneous  change  is  made  from  a  non-reacting  inert 
solid  to  burning  at  steady-state  with  fully  reacted  gases.  While  this  criteria  may  be  useful  in  some 
cases  of  ammonium  perchloratc-njbbcr  propellants  where  the  samples  ignite  almost  immediately  upon 
vaporization,  it  does  not  match  reality  for  all  solid  propellants  and  test  conditions  (Boggs,  ct  af  1986) 
In  general,  AP-based  propellants  tested  at  low  flux  levels  and  high  ambient  pressures  stow  tittle  or  no 
detectable  difference  between  go/no-go  and  first  tightifirsi  gasification.  Nitramine  based  propellants 
under  similar  conditions,  display  significant  pre-ignition  behavior  (Boggs,  et  al,  1984).  Pre-ignition 
behavior  can  be  demonstrated  in  the  AP-based  propellants  by  increasing  the  flux  level  and  decreasing 
the  test  pressure  (Crump,  et  al,  1984). 
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(a)  (b)  (c) 

Fig.  44.  Nitramine  Containing  Propellant  Exposed  to  200  cal/cm-scc  at  (a)  Prior  to  First 
Light/Gasification,  (b)  Just  After  First  Light/Gasification,  and  (c)  At  a  Time  Preceding 
( jo/No-Go  or  Complete  Ignition, 

Figure  43  is  a  generalized  depiction  of  the  ignition  process.  It  defines  three  regions  separated  by 
two  lines: 

Inert  heating  region 

First  gasification  line 

Pre-ignition  region 

Go/no-go  ignition  curve 

Self-sustained  combustion  region 

The  location  of  these  lines  and  their  relationship  to  the  described  regions  is  dependent  on  many 
variables.  Propellant  formulation,  external  energy  level,  and  test  pressure  all  contribute  to  the  time 
relationship  between  the  establishment  of  the  thermal  profile  and  self-sustained  combustion. 

The  p recess  of  ignition  and  the  ensuing  combustion  proceeds  via  a  complex  system  of  elementary 
reaetions  involving  many  radical  species.  A  full  theoretical  description  of  the  combustion  process 
must  describe  the  variation  in  space  and  time  of  all  the  molecular  species  involved.  This  may  be  dene 
by  formulating  and  solving  the  conservation  equations  of  mass,  momentum,  energy  and  of  all  the 
species  occurring  for  multicomponent,  reactive  flows,  which  in  most  practical  cases  are  even 
turbulent.  The  theory  of  combustion  phenomena,  hence,  is  based  upon  chemical  thermodynamics, 
chemical  kinetics,  transport  processes,  and  fluid  dynamics.  The  reader,  who  wants  to  familiarize 
himself  with  this  field  should  consul!  the  pertinent  literature  (e.g ,  Lewis  and  von  Elbe,  1951;  Mullins 
and  Penner,  1959;  Glassman,  1977;  Williams,  1985;  and  Kuo,  1986).  It  is  evident  that  even  with  the 
largest  computing  facilities  available  these  problems  become  easily  umractable,  particularly  if 
heterogeneous  propellants  are  to  be  considered.  Even  if  numerical  solutions  are  used  drastic 
simplifications  are  necessary  and  even  more  so  when  closed  form  solutions  are  desired. 

Concerning  the  process  of  ignition  the  state  of  the  art  is  such  that  valuable  information  may  .still  be 
gathered  if  considerably  simplified  systems  are  investigated.  One  example  being  the  replacement  of 
the  complex  chemical  kinetics  by  a  one-step  exothermic  reaction  with  an  Arrhenius  approximation  for 
the  overall  reaction  rate.  The  ignition  process  is  effectively  considered  then  as  a  momentary  imbalance 
between  energy  production  over  energy  loss.  Even  in  this  case  the  ignition  process  remains  complex 
since  flow,  transport,  and  reaction  processes  must  be  followed  in  the  different  phases  (solid,  liquid, 
and  gas),  and  the  space  and  time  dependence  of  a  considerable  number  of  dependent  variables 
(temperature,  pressure,  flow  velocity,  and  concentrations  of  fuel,  oxidizer  and  products)  must  be 
determined,  taking  into  account  the  respective  fluxes  on  (he  boundaries  limiting  tiie  different  phases. 
Of  Course,  further  simplifications  may  be  introduced.  e,g„  limiting  the  reactions  to  the  solid  phase  am 
neglecting  fuel  consumption.  Valuable  information  has  been  gathered  in  this  manner. 

The  progress  has  been  surveyed  in  various  review  articles  which  have  appeared  at  steady  intervals 
and  the  interested  reader  is  urged  to  have  a  look  at  these  (Kuo,  1986;  .V'erzhanov  and  Averson,  1971, 
Price,  et  al,  1966,  Kulkami,  et  al,  1984  and  1980,  Hemiance,  1984;  and  Williams,  1981).  Also  the 
respective  chapters  of  the  books  by  Williams  (1985)  and  by  Kuo  (1986)  give  a  good  imroduetion  into 
the  problems  encountered  in  dealing  with  ignition,  the  methods  of  solution  available  and  the 
information  obtained  in  this  manner. 

Price  has  introduced  a  classification  according  to  whether  the  reactions  proceed  in  the  solid,  or  in 
the  gas  phase,  or  heterogeneously  on  the  boundary  between  both  phases  (Price,  el  al,  1966).  In  his 
review  paper,  published  recently,  Hemiance  compares  the  results  obtained  in  this  manner,  and  he 
comes  to  the  conclusion  that  gas  phase  reactions  appear  to  be  of  major  importance  in  the  ignition  of 


accounted  for  by  the  more  timpie  models,  but  e.g.  the  effect  of  pressure  and  composition  of  the  gas 
phase  can  only  be  described  correctly  if  gas  phase  reactions  arc  taken  into  account.  More  recently 
investigations  have  been  performed  simultaneously  taking  into  account  all  the  above  described  features 
(Adomeit  and  Hocks,  1982;  Bradley,  1975;  Birk  and  Caveny,  1980  and  1983;  Lengelle,  1975;  and 
Kumar,  et  at,  1984). 

The  time  as  an  independent  variable  may  be  eliminated  if  limiting  conditions  of  ignition  are 
considered.  In  this  case,  only  the  steady  state  equations  need  to  be  solved.  In  this  manner  it  is  found 
that  under  certain  boundary  conditions,  i.e.  for  certain  ranges  of  values  of  pressure,  flow  velocity, 
and  flow  temperature  either  a  nonreacting  state,  or  a  state  with  fully  ignited  combustion,  or  both 
simultaneously  may  exist.  The  points  of  transition  between  these  three  regions  denotes  respectively 
the  points  of  ignition  and  quenching  of  the  system  when  the  above  listed  variables  are  varied  (Adomeit 
and  Hocks,  1982),  Another  well  known  example  is  the  process  of  autoignition.  The  dependence  of 
critical  dimensions  upon  temperature  of  the  surroundings  may  be  determined  in  this  manner 
(Merzhanov  and  Averson,  1971). 

If  the  time  history  of  the  ignition  is  to  be  followed  the  time  dependent  balance  equations  must  be 
solved.  An  important  quantity,  which  may  he  used  to  characterize  the  temporal  ignition  behavior  of 
the  system,  is  the  ignition  delay.  It  may  be  defined  as  the  time  interval  required  for  the  system  to 
reach  the  state  of  self-sustained  deflagration  counted  from  the  moment  when  the  ignition  stimulus  is 
imposed.  Though  being  conceptually  clear  the  definition  is  usually  of  little  use  for  experimental 
investigations  as  well  as  for  theoretical  ones.  So  in  practice  it  is  replaced  by  various  other  definitions 
which  Kuo  has  classified  (Kuo,  1986;  and  Kulami,  et  al,  1982  and  1980). 

One  concept  which  has  been  applied  frequently,  is  that  of  thermal  runaway.  If  a  combustible 
substance  is  ignited,  e  g.  by  contact  with  a  hot  body,  the  material  is  heated  by  heat  transfer  from  the 
hot  body.  In  the  initial  phase  the  temperature  profile  in  the  combustion  material  is  essentially  deter¬ 
mined  by  the  heat  conduction  process.  Only  when  the  gradient  of  the  temperature  profile  close  to  the 
surface  has  become  sufficiently  small  the  exothermic  reaction  becomes  important  if  the  temperature  is 
registered  at  some  location  close  to  the  surface  as  a  function  of  time  this  behavior  can  be  followed. 
Initially  the  rate  of  temperature  increase,  determined  by  heat  conduction,  slows  down  with  time  and 
only  when  the  reaction  becomes  important  it  accelerates  and  thermal  runaway  sets  in.  If  a  precise 
definition  of  ignition  delay  is  desired,  this  becomes  difficult  again  Only  for  the  particular  case  of 
simplified  analysis,  where  the  reactant  consumption  is  neglected  and  the  Arrhenius  law  for  the  rate 
term  has  been  expanded  making  use  of  the  fact  that  the  activation  energy  is  large,  the  temperature  of 
the  system  goes  indeed  to  infinity.  The  amount  where  this  occurs  is  clearly  defined.  For  more 
detailed  models  the  definition  of  ignition  delay  has  to  resort  to  other  concepts  (Kuo,  1986;  and 
Kulkami,  et  al,  1982  and  1980).  Fortunately  there  are  many  systems,  where  this  difficulty  appears  to 
be  of  minor  importance,  as  is  discussed,  e.g.  in  Williams,  1985;  Kuo,  1986;  and  Kulkami,  et  al, 

1982  and  1980). 

The  source  of  ignition  of  a  propellant  is  generally  a  source  of  energy  and  the  forms  of  energy  may 
vary.  They  can  be  thermal,  chemical,  mechanical,  electrostatic,  electromagnetic.  If  thermal  energy  is 
supplied  to  the  propellant,  e.g.  by  heat  transfer  from  a  hot  gas  flowing  along  the  surface,  or  by  contact 
with  a  hot  body,  the  energy  is  evenly  distributed  over  all  internal  degrees  of  freedom  of  the  substance. 
It  is  this  case  where  the  assumption  of  a  one-step  exothermic  reaction  with  an  Arrhenius 
approximation  for  the  global  reaction  rate  may  well  be  appropriate.  If  the  energy  is  supplied  in  a 
different  form  the  situation  becomes  more  complicated.  Chemical  energy  may  be  supplied  in  the  form 
of  radicals  or  by  hypergolic  reactants,  which  react  even  at  room  temperatures  with  the  fuel.  To  deal 
with  this  situation  the  balance  equations  must  be  formulated  taking  into  account  a  sufficiently  complete 
set  of  kinetic  equations.  The  same  holds  when  electrostatic  or  electromagnetic  energy  is  introduced  in 
form  of  electrons,  ions,  or  radiation.  It  may,  of  course,  happen  that  these  forms  of  energy  equilibrate 
rapidly  over  all  internal  degrees  of  freedom  and  become  effective  as  a  source  of  ignition  only 
afterwards.  This,  for  example,  is  quite  generally  assumed  when  the  ignition  of  a  combustible  gas 
mixture  by  an  electric  spark  is  considered. 

In  practical  ignition  systems  the  thermal  energy  prevails.  In  those  cases,  where  this  does  not  hold, 
it  frequently  is  assumed  that  the  energy  is  dissipated  into  thermal  energy  which  then  induces  ignition. 
To  enumerate  the  most  important  systems,  hot  surfaces  and  particles,  electrically  heated  wires  and 
layers,  hot  gases  flowing  across  the  propellant  surface,  radiant  energy,  ignition  flames,  pyrotechnic 
igniters  and  electrical  sparks  and  discharges  should  be  mentioned.  Laboratory  systems  also  include 
shock  tubes,  lasers,  arc  image  devices  ard  impact  testers.  Hazard  situations  may  arise  due  to  ignition 
by  external  fire,  penetrating  objects  or  friction  effects.  This  enumeration  should  make  clear  that  the 
ignition  process  does  not  only  depend  upon  the  properties  and  the  physical  state  of  the  propellant  to  be 
ignited  and  certain  global  quantities  of  the  igniter,  e.g.  the  amount  of  energy  added  in  ignition,  but  chut 
the  initial  and  boundary  conditions  of  the  whale  system  considered  and  the  type  of  ignition  stimulus 
applied,  i.e.  the  kind  of  energy  added  and  its  spatial  and  temporal  distribution,  play  an  important  role. 
Of  course,  concepts  like  balance  between  heat  loss  and  heat  produced  by  the  combustion  reaction, 
thermal  runaway,  and  minimum  ignition  energy  have  shown  to  be  valuable  tools  in  describing  and 
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understanding  ignition  processes.  But  for  a  reasonably  complex  system  usually  little  can  be  done 
falling  short  of  solving  a  sufficiently  complete  set  of  balance  equations  taking  due  account  of  the 
boundary  conditions  of  the  system  to  be  ignited  and  of  the  ignition  stimulus  considered.  This  is  the 
reason  why  the  following  classification  of  ignition  processes  appears  to  be  unavoidable. 

To  avoid  some  of  the  difficulties  encountered  in  this  manner,  test  facilities  have  been  designed  and 
are  in  use  in  various  laboratories  to  assess  ignition  properties  of  propellants,  their  sensitivity  to 
additives  temperature,  pressure,  etc.,  and  also  die  effectivity  of  certain  ignition  sources.  The  results 
obtained  in  this  manner  are  certainly  very  interesting  and  of  value  by  themselves.  If  they  are  to  be 
applied,  however,  to  situations  differing  considerably  from  those  investigated  it  must  be  expected  that 
unexpected  deviations  occur,  which  can  only  be  assessed  on  closer  scrutiny.  The  reader  interested  in 
'hesc  facilities  should  consult  the  respective  sections  of  the  AGARDograph. 

The  classification  of  ignition  chosen  in  the  following  is  based  upon  the  mode  of  energy  transfer 
and  the  type  of  energy  added.  This  fact,  of  course,  reflected  itself  in  the  pertinent  types  of  experiment 
and  the  form  of  balance  equations  and  boundary  conditions  needed  to  obtain  the  solution. 

Since  the  systems  differ  considerably  and  the  results  cannot  be  lumped  together  in  a  simple 
fashion,  certain  illustrative  examples  are  described  more  fully.  In  the  review  literature  and  the 
monographs  on  combustion  various  other  examples  have  been  discussed  in  detail.  They  should  be 
consulted  if  further  information  is  needed  (Lewis  and  von  Elbe,  1951;  Mullins  and  Penner,  1959; 
Glassman,  1977;  Williams,  1985;  Kuo,  1986;  Merzhanov  and  Averson,  1971 ;  Price,  el  ai,  1966; 
Kulkami,  et  al,  1984  and  1980;  Hermance,  1984;  and  Williams,  1981). 

5.2.2.  Ignition  bv  Constant  Energy  Flux 

This  is  a  standard  problem  of  ignition  and  it  has  served  as  a  basis  for  developing  approximate 
solutions  to  the  transient  ignition  processes.  Its  basic  version  consists  of  a  semi-infinite  solid.  A 
constant  energy  flux  is  absorbed  at  the  surface  and  transported  by  heat  conduction  inside  the  body. 

An  exothermic  reaction,  proceeding  inside  the  body,  may  lead  then  to  ignition.  The  energy  flux  is 
started  at  zero  time  and  lasts  for  a  given  interval  or  up  to  infinity.  This  problem  has  been  investigated 
theoretically  in  a  detailed  manner,  comparing  numerical  solutions  with  asymptotic  approximations  of 
different  complexity  (Linan  and  Williams,  1971).  The  results  have  been  published  in  various  papers, 
but  their  essential  features  are  also  described  in  the  above  mentioned  monographs  and  reviews 
(Williams,  1985;  Kuo,  1986;  Kulkami,  ct  al,  1984  and  1980;  Hermance,  1984;  and  Williams,  1981). 

The  process  of  constant  energy  flux  absorbed  at  a  surface  is  not  easily  accomplished 
experimentally.  The  transfer  of  radiant  energy  by  arc  image  or  laser  irradiation  is  the  method  which 
has  been  applied  most  frequently.  This  radiation  is  absorbed  in  a  surface  layer  of  the  propellant,  the 
thickness  of  which  depends  upon  the  constitution  of  the  surface  and  of  the  propellant,  and  the 
frequency  of  the  irradiation,  The  essential  resulls  have  been  compiled  in  the  references  mentioned 
above  (Kuo,  1986;  Kulkami,  et  al,  1984  and  1980;  and  Hermance,  1984).  More  recently  various 
complications  of  this  process  have  been  discussed,  Strakovskii  (1985)  points  out  that  propellants  and 
explosives  may  be  transparent  to  certain  frequencies  of  electromagnetic  radiation.  In  this  case  the 
absorption  by  inhomogenities  and  inclusions  becomes  important,  leading  to  hot  spots  inside  the  body, 
and  inducing  ignition  of  the  type  described  in  Section  5.2.5  of  this  AGARDograph.  For  this  reason 
arc  image  samples  arc  usually  coated  with  materials  like  ZrC  to  absorb  the  visible  radiation  at  the 
surface  rather  than  in  depth.  CO2  lasers  are  often  used  because  at  10.6  mm  wavelength  most 
propellants  are  opaque,  Recent  findings  indicate  that  gas  phase  reactions  must  also  be  included  if  all 
observed  trends  are  to  be  explained  (Kumar,  1983). 

A  radiant  energy  source  is  used  for  ignition  testing  because  of  the  ease  of  controlling  and 
reproducing  the  energy  flux  and  the  exposure  time  and  because  a  majority  o(  the  energy  is  absorbed  at 
the  propellant  surface  or  at  a  coating  on  the  propellant  surface. 

A  schematic  of  a  xenon  are  image  furnace  ignition  system  is  shown  in  Fig.  45.  A  xenon  arc  lamp 
is  focused  via  mirrors  to  a  primary  and  secondary  focus.  The  propellant  sample  is  mounted  in  the 
combustion  chamber  with  its  surface  located  very  dose  to  the  secondary  focus.  The  xenon  light 
enters  the  combustion  chamber  through  a  3-inch  diameter  quartz  window.  Normally-open  and 
normally-closed  iris  leaf  shutters  are  bleated  at  the  primary  focus.  The  shutters  (open/closc)  are 
controlled  with  an  event  sequencer.  The  length  of  sample  exposure  is  determined  by  a  photodiode 
located  near  the  combustion  chamber  on  the  system  axis,  viewing  the  shutter  assembly.  A  light 
sensing  photodiode,  located  so  that  the  optica)  axis  is  aligned  parallel  with  and  approximately  1/16- 
inch  above  the  sample  surface  and  looks  across  the  center  of  the  sample,  is  used  to  detect  first 
gasification/firsi  light  (Hightower,  1967).  Maximum  working  radiant  energy  level  achieved  on  this 
instrument  is  100  cal/cm^sec. 
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Fig.  45.  Schematic  of  Xenon  Arc  Image  Ignition  System. 


Further  examination  of  Fig.  45  reveals  a  highly  divergent  incidence  angle  for  the  radiant  energy 
delivered  to  the  sample  surface.  To  accommodate  this  highly  divergent  beam,  a  large  diameter  (3- 
inch)  quartz  window  is  needed  in  the  combustion  vessel,  This  large,  unsupported  diameter  limits  the 
working  pressure  of  the  vessel  to  250  psia.  As  the  propellant  sample  surface  regresses  due  to 
pyrolysis,  tlte  amount  of  energy  delivered  to  the  surface  of  the  propellant  heing  tested  changes, 

A  schematic  drawing  of  a  COj  laser  ignition  system  is  seen  in  Fig.  46.  This  system  is  composed 
of  the  energy  source,  external  electronics,  and  ignition  apparatus.  The  energy  source  consists  of  a 
Photon  Sources  Model  300  COj  laser.  The  laser  is  average  rated  at  450  watts.  The  wavelength  of  the 
laser  is  10.6  |tm.  The  external  electronics  provide  pulse  control  and  record  test  data.  The  ignition 
apparatus  contains  the  combustion  chamber  with  sample  holder,  lens  system,  and  chopper  wheel. 

1  .ascr  light  passes  through  a  long  focal  length  lens  system  to  decrease  overall  beam  diameter.  The 
chopper,  located  at  tire  focal  point  of  the  lens  system,  provides  a  square  energy  pulse.  The  laser  beam 
enters  the  combustion  chamber  through  a  ZnSe  window  and  strikes  the  propellant  surface.  First 
lignt/gasiftcation  is  determined  its  described  for  the  xenon  are  image  furnace.  Output  from  the 
oscilloscope  includes  length  of  laser  pulse,  first  light  photodiode,  and  calorimeter  output. 
Electronically  gated  pulsing  coupled  with  die  external  chopper  wheel  rotation,  control  sample 
exposure  time.  The  minimum  working  radiant  energy  currently  being  used  on  this  system  is  50 
cal/cm2sec.  Currently  the  laser  will  not  operate  in  a  stable  mode  at  lower  energy  levels.  The 
maximum  energy  currently  being  used  on  the  laser  system  in  200  cal/cm2sec--wcll  below  the 
maximum  energy  output  of  the  laser  system. 


IGNITION  APPARATUS 


EXTERNAL  ELECTRONICS 

Mg.  46  Laser  Ignition  Schematic. 


While  efforts  have  been  made  to  keep  the  CO;  laser  and  xenon  arc  systems  as  similar  as  possible, 
two  fundamental  differences  remain  that  should  be  noted;  (1)  the  wavelengths  of  the  incident  radiation 
and  (2)  rise  time  of  the  radiation  impinging  the  sample. 

The  spectral  distribution  of  energy  radiated  from  tlte  arc  is  broad  band.  Most  of  the  energy  lies 
between  0,3  and  1.1  pm  with  several  peaks  in  the  near  infrared  between  0.8  and  1.0  pm  (Hightower, 


1967),  Radiant  energy  from  the  CO2  laser  is  monochromatic  with  the  energy  being  randomly 
polarized  at  10.6  pm. 


Ideally,  the  radiant  sample  exposure  time  should  be  an  instantaneous  step  function;  practically,  this 
cannot  be  achieved.  Arc  image  sample  exposure  time  is  mechanically  controlled  by  two  iris  leaf 
shutters.  The  arc  image  shutter  "opening"  function  currently  averages  about  3.5  msec  and  is  being 
mathematically  described  by  a  sine  function. 

The  timing  mechanism  on  the  laser  system  also  experiences,  albeit  shorter,  a  measurable  rise  time 
for  the  incident  radiation  to  reach  the  propellant  surface.  A  rotating  chopper  system  was  installed  in 
the  laser  system  to  remove  non-uniformities  in  the  leading  edge  of  the  laser  pulse.  A  two-tine  90% 
transmission  aluminum  wheel  rotates  and  chops  the  laser  beam  at  the  focal  point  of  the  lens  system.  A 
photo  transistor  monitors  the  wheel  position,  triggers  the  laser  on  and  starts  a  timer  when  the  wheel 
eclipses  the  laser  beam.  The  rimer  turns  the  laser  off  after  a  controllable  interval,  and  the  width  of  the 
laser  pulse  is  equal  to  the  delay  between  the  wheel  in  eclipsing  the  beam  and  the  timer  shutting  off  the 
laser  (Zum  and  Atwood,  1981),  A  chopper  wheel  delay  of  3.2  msec  was  used  for  these  tests.  The 
rise  time  of  the  laser  system  currently  averages  130  msec  and  can  be  mathematically  described  by  a 
versine  function.  As  the  chopper  blade  exposes  the  laser  beam,  the  energy  quickly  builds  to  a 
maximum. 

The  radiant  energy  level  for  both  systems  is  calibrated  with  an  asymptotic  calorimeter  located  in 
the  propellant  sample  position  in  the  combustion  chamber.  An  effective  flux  level  can  be  determined 
to  account  for  the  "opening"  function  of  either  instrument. 

A  series  of  ignition  tests  is  run  at  each  energy  level  and  pressure.  Once  the  general  ignition  region 
has  been  established,  a  go/no-go  scheme  is  run  using  equally  spaced  exposure  times  in  an  up-and- 
down  procedure  of  testing.  Fifteen  to  17  individual  tests  are  usually  run  at  each  energy  level  to 
establish  each  go/no-go  point,  first  light,  or  the  point  of  detectable  first  gasification  is  an  average  of 
the  measured  photodiode  output  of  each  ignitability  test. 

Arc  image  propelianl  samples  arc  coated  with  ZrC  powder  to  provide  a  more  uniform  absorptivity 
for  are  image  propellant  ignition  test  samples  (Fleming  and  Derr,  1975).  Variations  in  absorptivity  are 
introduced  by  the  nature  of  the  ingredients  in  a  given  formulation.  Sample  coatings  of  ZrC  arc 
employed  in  the  laser  system  as  well,  to  maintain  sample  uniformity  between  the  instruments.  It  has 
been  found  that  the  presence  of  the  ZrC  coating  enhances  the  first  light/gasification  signal. 

Typical  Results 

The  effects  of  flux,  depicted  earlier  in  a  general  fashion,  and  ofpressure  are  shown  in  Fig.  47  for 
a  predominantly  ammonium  perchioratc-HTPB  binder  propellant.  The  effect  of  flux  is  dearly  seen  for 
the  first  gasification  line  and  the  various  go/no-go  lines.  Hhe  region  of  pre-ignition  reactions 
discussed  earlier  (the  difference  between  first  gasification  and  gc/no-go  lines)  is  clearly  evident  for  the 
50  psia  case,  as  is  the  diminishment  of  the  pre-ignition  region  with  pressure,  increase  to  100  and  2(X1 
psia. 

Similar  behavior,  but  with  even  more  pronounced  pre-ignition  behavior,  is  shown  in  Fig.  <18,  the 
ignition  map  for  a  cast  modified  double  base. 

Similar  ignition  plots  for  an  ammonium  perchlorate-aluminum  HTPB  propellant  is  shown  in  Fig, 
49.  Note  in  the  figure  that  the  low  pressure  go/no-go  curve  is  for  1  atm  (not  50  psia  us  in  the  previous 
plots).  The  reduced  pre-ignition  region  for  metallized  ammonium  perchlorate  based  systems  is  further 
illustrated  in  Fig.  50;  the  ignition  map  for  a  propellant  with  a  high  percentage  of  solid  ingredients 
ammonium  perchlorate-aluminum-HTPB  system.  The  effect  of  composition  is  further  illustrated  in 
Fig.  5 1  where  the  ignition  maps  for  a  modified  cast  double  base  propellant  and  an  ammonium 
perchlorate-aluminum  propellant  ignited  at  100  psia  arc  plotted.  The  pre-ignition  region  is  much  less 
for  the  AP  based  propellant. 

The  implications  of  the-  pre-ignition  region  on  deflagration  to  detonation  transition  and  other 
transient  combustion  related  hazards  has  been  discussed  in  Boggs,  et  al  ( 1982),  Price  and  Boggs 
(1983),  and Isler  (1988). 
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Fig.  47.  Effect  of  Flux  and  Pressure  on  Ignition  of  Ammonium  Perchlorate-HTPB  Propellant. 


FUX  -  C4UCW2- SEC 

Fig  48.  Effect  of  Flux  and  Pressure  on  Ignition  of  Cast  Double  Base  I’ropellant. 
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Fig.  49.  Effect  of  Flux  and  Pressure  on  Ignition  of  Ammonium 
Perchlorate- Aluminum-HTPU  Ihopcllant. 


Fig.  50  Ignition  map  of  Highly  Loaded  AP-AI-HTPB  Propellant  at  1  atm(*j  and  KX'psi(A).  I  lie 
bottom  line  of  each  pair  is  the  fust  gasification;  the  upper  curve  is  the  go/no-go  ignition  locus. 
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Fig.  5 1 .  Comparison  of  Ignition  of  Cast  Double  Base  (x)  with  AP  Composite 
Propellant  (+)  at  100  psi.  The  bottom  line  of  each  pair  is  the  first  gasification; 
the  upper  curve  is  the  go/no-go  ignition  locus. 


5.2.3.  Imtion-by. Cuay.ci..UY.i:. Heal  Imislsi 


If  a  propellant  surface  is  subjected  to  the  cross  flow  of  hot  gases,  it  is  heated  and  may  ignite.  This 
process  is  of  considerable  practical  relevance  and  is  realized  in  many  ignition  sysiems,  e.g.  ignition  by 
a  pyrotechnical  igniter,  by  a  pilot  flame,  by  the  hot  gases  of  an  accidental  fire  or  in  the  laboratory  by 
the  flow  across  a  propellant  surface  induced  inside  a  shock  tube.  Since  this  process  is  also  of  basic 
importance,  it  will  be  discussed  in  some  detail.  The  most  simple  case  is  that  of  a  stagnation  point  flow 
of  a  hot  inert  gas  impinging  upon  a  propellant  surface.  Figure  52  gives  a  schematic  representation  or 
die  system  considered.  The  flow  of  the  hot  gases  impinges  perpendicular  to  the  propellant  surfaces 
located  at  y  =  0  and  is  directed  in  Fig.  52  opposite  to  the  y-axis.  The  propellant  is  heated  by  heat 
transfer  and  decomposes  according  to  the  reaction 


solid  — i  Ai  +  A2 
with  a  rate  law 


(5.17) 


m  =  psBsTwn'exp<-Et/RTJ, .  (5.18) 

The  initial  products  At  and  A2  are  further  heated  by  mixing  (diffusing)  with  each  other  convectivcly 
with  the  approach  flow  and  react  exothermically  according  to  the  rate  law 


exp(-E/RT) 


to  form  the  product  species  Bj  and  B2 


At  +  A2  — »  Bj  +  B2. 


(5.19) 


(5.20) 


Fig.  52  Stagnation  Point  Region  of  Monopropellant 
Surface  Burning  in  Inert  Gas  Crossflow. 
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The  transport  processes  occurring  are  described  by  the  heat  conduction  equation  inside  the  solid  and 
by  the  boundary'  layer  balance  equations  in  the  stagnation  point  flow  field,  they  take  the  following 
form  (Adomeit  and  Hocks,  1982)  for 

mass 


dV 

du 


+  fn  =  0 


(5.21) 


momentum 


2  V  f ,  |  q  -  (lfqTj)n  - 1  Pc/'P  '  fq^)  —  0, 


(5.22) 


energy 


2V6n 


i(5f4*|wWr-° 


(5.23) 


species  i 

2VYin  +  JivW,  =  0.  (5.24) 

1  lere  V  denotes  the  velocity  perpendicular  to  the  surface,  q  is  the  dimensionless  boundary  layer 
coordinate  perpendicular  to  the  surface,  f  is  the  stream  function,  (f*)  =  df/d,,  =  u  is  the  velocity  parallel 
to  the  surface),  6  is  the  dimensionless  temperature,  Y;  the  relative  mass  fraction  of  species  i.  llie 
terms  in  the  energy  equation  represent,  in  the  older  as  listed,  the  convective  transport,  the  heat 
conduction,  the  energy  transport  by  diffusion  of  the  different  species  and  the  thermal  energy  liberated 
by  the  gas  phase  reaction. 


These  steady  state  equations  have  been  solved  in  dosed  form  for  the  limiting  cases  of  infinitely 
fast  and  frozen  gas  phase  reactions,  and  numerically  for  the  general  case  of  finite  reaction  rate 
(Adomeit  and  Hocks,  1 982).  Taking  the  kinetic  and  caloric  data  of  ammonium  perchlorate  the  results 

shown  in  Fig.  53  have  been  obtained.  In  this  figure  the  dependence  of  the  combustion  rate  m  upon 
the  free  flow  velocity  (here  represented  by  the  velocity  gradient  a)  is  shown  for  a  free  flo.v 
temperature  of  T*  =  805  K.  The  curve  displayed  in  the  center  refers  to  the  general  case  of  finite  gas 
phase  reaction,  which  is  of  interest  here.  It  possesses  the  shape  of  an  "S",  which  is  characteristic  of 
systems  which  may  be  ignited.  One  sees  that  at  low  free  flow  velocities  (at  this  elevated  free  flow 

temperature  of  Te  =  805  K)  a  solution  with  a  high  value  of  burning  rate  m  is  established.  Increasing 
the  fiow  velocity,  i.e.  increasing  a,  the  solution  shifts  to  the  right  passing  through  the  points  A]  and 
An,  and  in  Q  the  solution  jumps  from  the  upper  branch  to  the  lower  one  with  a  considerably  reduced 

rale  of  mass  ablation  rate  rn.  In  the  point  Q,  hence,  the  combustion  process  is  quenched  If  now  the 
velocity  is  decreased  the  solution  moves  initially  along  the  lower  branch  with  a  low  rate  of  rn.  In  the 
point  I  it  jumps  again  to  the  upper  branch  with  high  combustion  rate  m,  the  system  ignites. 


Fig.  53.  Dependence  of  Burning  Rate  Upon  Velocity  Gradient: 
Closed  Form  Limiting  Solutions,  Numerical  Solution  for  p  =  5  MPa. 


That  in  the  points  I  and  Q  indeed  the  homogeneous  gas  phase  reaction  is  ignited  respectively 
quenched  becomes  clear  if  one  looks  at  the  temperature  and  reaction  rate  profiles  inside  the  gas  phase 
boundary  layer  shown  in  Fig.  54  and  Fig.  55  for  the  different  states  of  the  system  denoted  by  A],  Ai, 
Q,  I  and  C  in  Fig.  53.  Various  features  arc  noteworthy.  Comparison  of  curves  1  and  C  shows  that  at 
the  point  of  ignition  the  temperature  distribution  differs  only  slightly  from  the  convection  controlled 
profile  C  and  the  rate  of  homogeneous  reaction  at  the  point  of  ignition  is  still  at  a  very  low  level. 


Fig.54.  Boundary-Layer  Profile  of  Temperature. 


I-ig.55.  Boundary-Layer  Profile  of  Rate  of  Gas-Phase  Reaction. 

Curves  At  and  A2  denote  fully  ignited  states,  where  the  premixed  flame  is  stabilized  in  front  of  the 
body.  The  temperature  8  reaches  its  maximum  value  at  a  location  of  q  of  about  i\  =  0.3.  In  the  point 
of  quenching  (curves  Q)  the  temperature  has  decreased  but  not  that  much  as  might  have  been 
supposed.  The  size  of  the  gap  between  the  limiting  states  1  and  Q  is  quite  considerable.  It  depends 
upon  the  free  flow  temperature  Tc  and  becomes  smaller  with  increasing  values  of  Te,  as  may  be 

gathered  from  Fig.  56,  where  the  burnt  ig  rate  tit  is  plotted  versus  the  velocity  gradient  a  for  various 
values  of  the  free  flow  temperature  Tc.  The  quench  and  ignition  limits  are  shown  as  dotted  curves 

Eliminating  rn  from  the  lower  dotted  line  the  critical  condition  of  ignition  Tc  j  -  Te  ,(a)  is  obtained, 
which  gives  the  free  flow  temperature  Te  needed  for  ignition  in  dependence  upon  the  velocity  gradient 
a,  i.e.  as  function  of  die  velocity  of  the  free  flow  ve. 

It  is  also  interesting  to  note  that  for  higher  values  of  Tc  the  combustion  rate  curves  m  =  tii(a)  lose 

their  "S"  shape  character,  the  transition  between  low  and  high  values  of  lit  becomes  continuous  and 
points  of  ignition  and  quenching  can  no  longer  be  defined.  This  fact  is  noteworthy  in  particular  with 
respect  to  the  discussion  given  above  concerning  the  definition  of  the  ignition  delay,  since  in  this 
region  no  "thermal  runaway"  will  occur. 

These  resuits  give  a  clear  picture  of  the  interaction  between  the  flow  with  its  characteristic 
parameters  a,  Te  and  p,  the  exothermic  combustion  reaction  proceeding  in  the  gas  phase,  and  the 
decuinpusitlun  of  die  propellant  at  die  surface.  That  the  gas  phase  processes  are  indeed  responsible 
for  the  ignition  of  propellants  by  convective  heat  transfer  has  also  been  established  experimentally  by 
ignition  experiments  performed  in  shock  tubes  (Birk  and  Cavcny,  1980). 
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This  is  an  important  group  of  ignition  stimuli  present  in  niany  practical  systems.  Hot  particles 
form  part  of  the  multiphase  flow  issuing  from  a  pyrotechnic  igniter  and  appear  to  contribute 
significantly  to  the  ignition  of  solid  rocket  fuels  and  gun  propellants.  They  may  act  as  single  particles, 
but  also  the  formation  of  a  layer  is  conceivable  when  their  number  is  large  or  when  condensation 
occurs  at  the  propellant  surface. 

Also  in  hazard  situations  hot  surfaces  in  contact  with  propellants  may  act  as  sources  of  ignition, 
the  primary  energy  being  provided  thermally  cm-  also  by  friction.  Furthermore  ignition  devices  have 
been  designed  consisting  of  wires  or  metallic  films,  which  are  heated  by  electric  discharge  and  serve 
as  sources  of  ignition.  Also  the  "Thermal  Step-Test"  belongs  to  this  group  (sec  Section  5.1.5).  This 
latter  has  been  used  to  determine  the  ignition  characteristics  of  propellants  (Schrader,  et  al,  1984).  In 
this  Vest  a  small  steel  tube  filled  with  the  explosive  is  heated  in  a  very  short  time  interval  by  a  capacitor 
discharge.  The  induction  time  which  is  the  lime  lapse  between  the  heating  pulse  and  the  moment 
where  the  tube  is  ruptured,  is  measured  as  a  function  of  tube  temperature.  Induction  times  as  short  as 
50  ms  have  been  measured  at  temperatures  up  to  1400  K. 

A  theoretical  treatment  of  the  related  problem  of  ignition  of  a  reactive  solid  exposed  to  a  step  in  the 
surface  temperature  has  been  given  by  Linan  ami  Williams  (1 979).  The  results  obtained  make  use  of 
an  asymptotic  expansion  and  agree  with  numerical  results  if  the  activation  energy  is  sufficiently  large 
The  model  considered  assumes  heat  conduction  and  an  exothermic  reaction  inside  the  solid  Gas 
phase  reactions  are  neglected. 

To  overcome  the  ensuing  limitations,  Adoirteit  and  coworkers  have  investigated  the  case  of  a  hot 
solid  layer  of  thickness  d  brought  into  contact  with  a  propellant  surface.  The  propellant  is  heated  by 
conduction  and  pyrolizes  according  to  Equations  (5.17)  and  (5.18)  given  above.  The  gases  evolved 
form  a  gas  layer  between  the  propellant  surface  and  the  heating  solid,  reducing  the  heat  flux  to  the 
propellant.  At  the  time  die  temperature  of  the  hot  solid  layer  decreases  due  to  heat  conduction.  Inside 
the  gaseous  gap  the  exothermic  gas  phase  reaction  described  by  Equations  (5.18)  and  (5.19)  may 
induce  ignition,  which  occurs  as  soon  as  the  gap  width  reaches  a  sufficient  size  under  the  condition 
that  the  temperature  of  the  hearing  solid  is  still  high  enough.  This  problem  has  been  investigated  by 
solving  the  pertinent  nonsteady  state  balance  equations  numerically,  neglecting  fuel  consumption, 
which  is  justified  in  many  cases  up  to  the  moment  of  ignition.  Some  of  the  results  are  represented  in 
Figs  57  through  59.  Figure  57  shows  the  ignition  delay  tj  in  dependence  upon  the  initial  temperature 
To  of  the  hot  solid  layer.  Parameters  are  the  thickness  of  the  solid  layer  d  and  the  pressure  imposed 
Kinetic  data  of  a  typical  mono-propcllant  have  been  used.  The  igniting  layer  was  assumed  to  consist 
of  B2O3.  The  solid  curves  give  the  dependence  of  ignition  delay  ti  -  ti(T0>p)  for  infinite  thickness 
of  the  layer.  As  expected,  with  increasing  temperature  T0,  the  ignition  delay  decreases  rapidly.  For 
finite  thickness  d  the  dashed  curves  are  obtained  which  below  a  certain  temperature  deviate  from  the 
ignition  delay  obtained  for  infinite  thickness.  It  is  also  interesting  to  note  that  these  curves,  obtained 
for  finite  thickness,  terminate  at  certain  values  of  temperature  and  ignition  delay.  Below  this 
temperature  ignition  cannot  be  effected  anymore. 

The  minimum  ignition  temperatures  Tj)min  belonging  to  these  terminal  points  have  been  plotted  in 
their  dependence  upon  the  thickness  of  the  solid  layer  d  in  Fig.  58  for  copper  and  boron  oxide  as  the 
heating  materials.  It  is  seen  that  the  temperature  just  leading  to  igiutior  may  be  lower  for  copper  The 


energy  contained  under  these  conditions  in  this  layer,  which  is  a  land  of  a  "minimum  ignition  energy," 
is  plotted  in  Fig.  59  again  versus  the  layer  thickness  d.  Whereas  the  minimum  temperature  required 
for  ignirion  decreases  with  the  layer  thickness,  the  energy  stored  in  the  layer  increases.  Qualitatively 
similar  results  have  been  obtained  for  hot  spherical  particles  (Adomeit  et  al  1987). 
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Fig.  58.  Minimum  Value  of  Initial  latyer  Temperature  Needed  for  Ignition  in 
Dependence  Upon  d.  Layer  Material:  Copper  and  B2O3. 


Pig.  59.  Energies  Contained  in  the  Solid  Layer  Per  Unit  Area  Under  the 
Conditions  Given  in  Fig.  60. 


'  2.5.  Ignition  bv  Impact.  Friction,  and  Fracture 


The  ignition  by  impact  and  friction  is  certainly  an  important  mode  of  ignition  under  hazard 
conditions.  The  processes  involved  ate  complex  and  since  the  relevance  of  these  concerning  regular 
ignition  is  limited,  only  partial  progress  has  been  made  in  the  understanding  in  these  processes.  In  the 
following,  recently  performed  investigations  are  described  which  should  be  consulted  if  detailed 
information  on  the  topics  considered  is  needed. 


IsiilHtl 

Although  some  researchers  point  out  that  tribochemical  or  molecular  fracture  mechanisms  may  be 
responsible  under  certain  conditions  for  an  ignition  by  impact  it  appears  to  Ire  generally  occupied  that 
in  most  cases  the  initiation  is  thermal  in  origin.  The  compression  and  adiabatic  heating  of  gas  bubbles 
has  been  put  forward  as  a  possible  source  of  ignition  by  various  workers,  whereas  it  was  rejected  by 
others.  Oilier  mechanisms  proposed  are  heating  by  viscous  flow  between  impacting  surfaces  or 
between  grains,  friction  between  surfaces  or  grains  of  the  material  in  relative  motion,  or  localized 
adiabatic  deformation  in  regions  of  mechanical  failure 

Swallow  and  Field  (1982)  impacted  samples  of  explosives  with  a  falling  weight-investigating  the 
effect  of  added  particles  to  the  explosive  samples.  Whereas  Bowdort  and  Gurton  (1949)  have  shown 
that  for  hard,  high-melting  point  particles  the  "hot-spot"  temperature  is  usually  controlled  by  the 
melting  point  of  panicles,  Swallow  and  Field  (1982)  have  found  that  also  relatively  soft,  low-melting- 
point  polymers  can  sensitize  samples  of  explosives.  Polymers  that  sensitize  appear  to  be  those  that 
fail  catastrophically  either  by  fracture  or  localized  adiabatic  shear  bands  and  that  possess  low  values  of 
specific  heat,  of  latent  heat  and  of  thermal  conductivity.  As  has  been  shown  by  infrared  radiation 
measurements  the  temperature  of  the  hot  spots  produced  during  rapid  deformation  car  greatly  exceed 
the  polymer's  softening  point  (Swallow  and  Field,  1982),  The  authors  have  aiso  shown  that  it  is 
possible  to  successfully  predict  whether  or  not  a  polymer  will  sensitize  an  explosive  by  examining  its 
mechanical  and  thermal  properties.  In  a  scries  of  experiments  Andersen  and  coworkers  (Anderson 
and  Louie,  1979;  Anderson,  et  al,  1979;  and  Anderson  and  Stillman,  1983)  investigated  the  ignition 
of  propellants  by  projectile  impact  varying  the  impact  velocity,  the  mass  and  the  dimensions  of  .he 
projectiles  and  the  composition  and  structure  of  the  propellants.  It  w-as  found  that  above  a  certain 
ignition  threshold  deflagration  is  initiated  If  the  impact  velocity  is  increased  further,  detonation  is 
initiated.  For  small  projectile  diameters  these  two  threshold  curves  merge,  such  that  with  projectiles 
of  smaller  diameter  a  deflagration  cannot  be  established.  For  single,  double  and  triple  base  propellants 
the  same  type  of  behavior  was  found  (Bowden  and  Gurton,  1949). 

An  investigation  of  the  effect  of  particle  size  and  porosity  for  the  same  pro|>ellam,  used  in  the 
work  of  Anderson  and  Louie  (1979  is  described  in  a  third  paper  (Anderson  and  Stillman,  1983).  The 
porosity  sensitized  the  propellant  to  both  deflagration  and  detonation  at  large  projectile  diameters,  but 
the  effect  was  relatively  small.  A<  small  diameters  the  effect  was  negligible.  The  increase  of  panicle 
size  of  HMX  by  a  factor  of  22  when  it  is  imbedded  in  the  polymethane  binder  has  a  very  pronounced 
effect  on  sensitizing  the  propeilam  at  ail  projectile  diameters. 

In  another,  theoretical  paper  Anderson  (1980)  postulates  a  model  based  on  the  formation  of  hot 
spots  to  explain  some  of  the  described  experimental  results.  A  more  detailed  theoretical  investigation 
is  performed  by  Pubovik  and  Lisanov  (1985),  who  calculate  the  heat  production  rale  inside  shear 
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bands  assumed  to  occur  in  impulsively  loaded  explosives  and  formulate  in  a  global  manner  an  ignition 
criterion,  which  appears  to  agree  with  experimental  results. 

Frictinn 

As  mentioned  above  friction  is  considered  to  be  one  of  the  possible  causes  of  ignition  by  impact. 
This  process  has  recently  been  investigated  by  Amosov,  et  ai  (1979),  who  consider  a  rough  solid 
surface  gliding  over  the  surface  of  a  propellant.  If  the  pressure  is  not  too  high,  the  local  area  of  the 
points  of  contact  is  only  a  small  fraction  of  the  nominal  contact  area.  In  this  case  the  process  of 
friction  leads  to  a  considerable  rise  of  temperature  at  die  actual  points  of  contact  while  the  temperature 
of  the  rest  of  the  surface  remains  low.  Amosov  considers  a  strip  of  width  d  sliding  under  a  pressure  p 
and  with  a  given  velocity  v  over  a  propellant  surface.  The  reaction  leading  to  ignition  is  assumed  to 
proceed  initially  only  inside  the  solid  propellant.  The  resulting  boundary  value  problem  is  solved 
numerically  giving  the  temperature  distribution  inside  the  propellant,  with  d,  v,  and  p  as  parameters. 

An  ignition  criterion  is  derived  taking  into  account  the  essential  parameters  of  the  problem,  as  velocity 
v,  pressure  p,  activation  energy  E,  thermal  diffusivity  a.  and  others. 

These  results  were  applied  to  the  ignition  of  various  types  of  propellants.  Taking  into  account  the 
hardness  of  these  substances  it  turns  out,  that  ignition  would  be  achieved  only  for  pressures  where  the 
contact  surface  becomes  continuous  and  equal  to  the  nominal  area.  Hence  the  considered  mechanism 
of  friction  and  ignition  will  not  prevail  for  the  usual  soft  propellant.  The  authors,  however,  maintain 
that  an  explosive  with  high  melting  point  and  high  hardness,  such  as  lead  azide,  may  be  ignited  as 
described  at  isolated  points  of  contact. 

Gomez  and  Wake  (1985)  consider  the  case  of  a  propellant  sliding  with  friction  across  an  inert 
surface  assuming  the  heat  produced  to  be  a  given  constant.  Taking  into  account  a  global  exothermal 
reaction  inside  the  solid  they  derive  ignition  criteria  for  different  propellant  slab  configurations. 

Entaiim 

In  fracture,  the  initial  chemical  processes  causing  ignition  take  place  in  the  solid  phase.  In 
substances  consisting  of  one  chemical  component,  crack  propagation  can  rupture  the  molecular  or 
imermolecular  bonds  (depending  on  the  crystallite  size).  This  rupture  results  in  strong  thermal  effects 
on  the  tip  of  the  crack  and  negligible  electric  and  surface  effects  on  the  crack  boundaries.  For  the 
interesting  substances,  exact  data  are  not  available.  Tlic  energy  liberated  by  a  crack  may  be  of  the 
order  of  1  kj,  the  electric  effects  on  the  boundaries  may  be  of  the  order  of  1  MeV  (lfr*’  I).  Both  data 
are  given  only  to  indicate  the  order  of  magnitude,  not  to  discuss  the  values  themselves  or  to  the 
parameters  on  wluch  they  depend.  The  resvlt  of  fracture  effects  was  studied  investigating  single  and 
muiticrystals  of  high  explosives.  PETN,  for  example,  shows  local  chemical  decomposition,  but  no 
initiation  of  explosive  reactions.  Neat  explosives  are  unsuitable  as  solid  propellants;  no  direct 
observations  of  fracture  effects  concerning  solid  propellants  have  been  reported,  so  it  can  not  be  said, 
how  important  are  the  discussed  effects  for  solid  propellants.  In  composite  substances  crack 
propagation  normally  divides  the  components.  Neat  substances  including  large  crystallites  or  defined 
limited  regions  of  material  can  be  divided  by  a  crack  along  the  internal  borderlines.  In  this  case 
triboelectric  effects  on  the  boundaries  may  become  important.  Fracture  can  also  induce  gaseous 
electrical  breakdown  in  the  crack. 

This  electrical  breakdown  induced  by  mechanical  fracture  can  be  regarded  as  the  inverse  effects  to 
the  "electrically  induced  fracture".  The  current  in  the  breakdown  is  of  the  order  1  mA,  the  energy  may 
be  of  the  order  of  1  J.  This  energy  is  in  a  range,  in  which  ignition  by  electric  sparks  can  occur. 
Probably  it  is  this  effect  which  causes  the  ignition  of  composite  propellants  during  fracture  in  the 
modified  spigot-test  described  below. 

In  a  sequence  of  publications  Kumar,  Kuo.et  aJ  (1980  and  1982)  have  investigated  experimentally 
and  theoretically  a  gas  dynamic  ignition  phenomenon  occurring  in  cracks  and  holes  inside  propellants 
These  researchers  noticed  that  under  rapid  pressurization  rates  of  about  104  MPa/s  anomalous  ignition 
occurred  near  the  crack  tip  region.  High-speed  photography  showed  clearly  that  the  tip  of  the  crack 
ignites  before  the  convective  ignition  front  propagates  from  the  crack  entrance  to  the  tip.  Hence  under 
this  condition  two  flame  fronts  are  observed,  one  propagating  from  the  crack  entrance  and  the  other 
from  the  crack  tip. 

Further  diagnostic  experiments  revealed  that  the  initial  luminous  zone  near  the  crack  tip  is  caused 
by  combustion  of  unreacted  species  from  the  igniter  system.  Thin  film  thermocouple  measurements 
showed  that  high  heat  flux  values  occur,  which  are  due  to  heating  by  the  compression  wave  reflected 
at  the  closed  end,  due  to  the  lieat  release  when  the  unrcacted  igniter  species  hum  near  the  tip  behind 
the  reflected  compressive  wave,  and  due  to  enhanced  heat  transfer  by  recirculating  gases  in  the  tip 
region.  The  combined  effect  of  these  processes  ignites  the  propellant  at  the  crack  tip. 


It  is  conceivable  that  in  the  combustion  of  a  fractured  or  perforated  propel]  ant,  numerous  ignition 
regions  can  be  generated  in  this  manner,  giving  rise  to  further  rapid  pressurization  which  in  turn  leads 
to  new  ignition  kernels,  ending  finally  in  catastrophic  failure  of  the  system,  in  Kumar,  et  al  (1982), 
they  have  presented  a  convincing  experimental  investigation  of  this  process  and  solved  a  detailed 
theoretical  model  by  numerical  methods  leading  to  good  agreement  between  measured  and  predicted 
ignition  delays  in  cracks.  It  is  noteworthy  that  the  phenomena  described  display  a  strong  similarity  to 
the  processes  observed  under  knocking  conditions  in  gasoline  piston  engines. 

German  Spigot-Test 

For  investigation  of  fracture  in  solid  propellants,  its  effects  and  its  governing  parameters,  a 
modified  "Spigot-Test"  is  used  in  Germany  (see  also  Watkins  work  at  Imperial  College,  London). 
The  scheme  shown  in  Fig.  60  illustrates  the  test. 


A  section  of  a  true  rocket  motor  or  of  a  model  is  placed  on  an  anvil.  The  bottom  side  of  a  metal 
block  is  equipped  with  one  of  the  three  "spigots  ':  slender  cone,  small  edge  or  rounded  plug.  The 
metal  block  falls  from  a  determined  height  arid  the  spigot  meets  the  rocket  motor  section.  The  result  is 
observed  visually.  Most  successful  in  causing  fracture  is  the  cone,  when  even  penetrating  into  the 
grain  of  the  propellant.  An  ignition  by  cracks  depends  on  a  series  of  parameters.  The  most  important 
are: 

Type  of  propellant  -  the  propellant  must  contain  at  least  two  different  phases  Ignition  occurs, 
easily  in  highly-filled  composite  propellants  AN/AL/HTPB. 

Shape,  confinement,  liner  -  Ignition  is  favored  by  inner  boreholes  in  the  propellant  grain,  strong 
but  elastic  confinement,  and  a  good  connection  between  grain  and  confinement. 

Thermal  and  mechanical  histoTy,  internal  stresses  -  Reversal  of  load  and  temperature  create  internal 
stresses  in  the  propellant. 

Sample  temperature,  britlleness,  test  temperature  -  The  cooler  the  sample,  the  more  brittle  the 
propellant.  In  a  brittle  material  cracks  arise  easier  and  in  a  greater  number.  This  and  a  great  difference 
between  the  temperature  of  the  sample  and  the  test  set-up  favor  ignition.  Other  parameters,  e.g.  the 
exact  chemical  composition  or  the  energy  of  the  penetrating  spigot  are  of  smaller  importance  for  the 
ignition  process 

The  ignition  itself  is  a  complex  process.  A  typical  development  of  an  ignition  in  a  section  with  an 
inner  hole  is  as  follows:  During  t!«  penetration  a  flash  lights  up  on  the  place  of  penetration,  spreads 
a'ong  the  liner  and  extinguishes.  After  sane  tenth  of  a  second  smoke  and/or  flames  appear  at  another 
place  and  disappear.  This  phenomenon  repeats  at  further  places.  After  a  relative  long  time  (in  the 
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magnitude  of  seconds)  if  there  is  no  extinguishing,  the  propellant  grain  bums  self- sustained.  At  each 
of  the  'mermediate  stages,  the  process  can  extinguish  without  any  further  reaction. 

A  very  similar  response  was  observed  in  projectile-impact  trials,  in  which  the  delay  time  was  1  or 
2  s  between  impact  and  ignition.  There  are  two  different  possibilities  to  explain  this  behavior.  In  the 
projectile  impact  trials  only  unconfined  solid  grains  of  propellant  and  shaped  grains  in  metal 
confinement  have  been  tested.  In  the  first  ones  the  described  ignition  phenomenon  was  not  observed, 
but  in  the  second  ones  it  was.  Consequently  it  may  be  attributed  to  spallation  of  the  metal  confinement 
and  thermal  ignition  by  spalled  particles. 

In  the  German  Spigot-  l  est,  the  same  phenomenon  occurs  with  metal  or  non  metal  confinements 
but  strongly  depending  on  the  shape  of  the  grain  and  the  temperature.  Therefore  the  explanation  of  the 
phenomenon  in  terms  of  fracture  effects  seems  to  be  applicable.  Final  ignition  is  a  consequence  of 
relaxation  and  cumulation  effects  in  the  formation  of  cracks  and  ignition  centers.  The  discussed 
ignition  behavior  is  of  great  importance  in  hazard  research.  A  tip  of  a  heavy  object  or  a  projectile  can 
penetrate  into  a  rocket  motor,  without  external  visible  consequences.  Seconds  later,  the  motor  bums 
up. 

RARDE  Spigot  Drop  Test  (UK) 

This  test  is  used  for  assessing  the  hazard  associated  with  dropping  a  rocket  motor  on  to  a  steel 
spike  or  rail.  The  standard  version  of  the  test  uses  a  mild  steel  tube  with  a  1.5  mm  steel  cover  plate 
welded  over  one  end.  The  spigot,  loaded  with  a  45  kg  weight,  falls  onto  and  pierces  the  cover  plate, 
cutting  a  disc  out  and  pushing  it  into  the  propellant  charge  contained  in  the  tube  (Fig.  61).  This  test 
also  is  used  in  a  standard  form  for  qualification  of  rocket  propellants;  in  general  ignition  occurs  if  the 
propellant  is  penetrated.  For  experimental  purposes  the  case  materia)  and  dimensions  can  be  varied 
and  liners  can  be  employed 


Fig.  61.  RARDE  Spigot  Drop  Test  Assembly. 
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5.3.  BURN  BAXES  QF  ENERGETIC  MATERIALS 

The  rase  as  which  a  solid  is  converted  to  gas,  commonly  called  the  burning  rate,  has  been 
measured  using  various  devices.  These  devices  and  the  data  that  they  produce  have  been  reviewed 
(Boggs  and  others,  1976).  As  discussed  by  Boggs  and  others,  (1976),  there  are  basically  two  types 
of  combustion  bombs:  low  loading  density  (less  than  0.01  gram  of  sample  per  cubic  centimeter  of 
bomb  volume)  combustion  bombs  (LLDCB),  such  as  strand  burners  or  window  bombs,  and  high- 
loading  density  (greater  than  0.01  gram  per  cubic  centimeter)  combustion  bombs  (HLDCB),  such  as 
the  closed  bomb  The  LLDCB  are  essentially  constant  pressure,  constant- volume  devices  which  give 
the  bum  rate  at  a  given  pressure.  To  get  a  burn  rate  versus  pressure  curve,  multiple  runs  have  to  be 
made, 

The  HLDCB  is  essentially  a  constant-volume  device.  As  the  sample  bums,  the  pressure  within 
the  closed  vessel  increases.  By  measuring  the  pressure-time  record  of  the  process  and  applying 
suitable  thermochemistry,  the  mass  burning  rate-time  (or  burning  rate-pressure)  can  be  calculated.  By 
assuming  a  form  function  (a  burn  area-surface  regression  relationship),  the  surface  regression  rate 
(bum  rate)-prc satire  relationship  can  be  calculated.  Thus  in  one  run,  a  bum  rate-pressure  curve  can  be 
calculated. 

The  bum  rate  ns  a  function  of  pressure  and  initial  sample  temperature  is  also  often  determined 
These  data  are  useful  in  determining  the  kinetics  and  energetics  of  the  deflagration  reactions  as 
discussed  by  Price  and  Boggs  (1985). 

The  Effect  of  Strain  on  the  Burning  Rates  of  High  Energy  Solid  Propellants 

High  energy  propellants  usually  have  a  high  solids  loading  (the  portion  of  solid  ingredients  such 
as  ammonium  perchlorate  (AP),  cyclotetramethylenetetranitramine  (HMX),  aluminum  and  other 
ingredients  such  as  solid  catalysts)  as  compared  to  the  polymeric  binder.  An  obvious  condition 
accompanying  high  solids  loading  is  that  there  is  less  polymeric  binder  glue"  to  hold  the  solid 
particles  together  to  form  propellants  having  acceptable  mechanical  properties.  Given  these  highly 
loaded  propellants,  one  would  like  to  know  such  things  as  how  far  can  a  propellant  be  strained  before, 
ballistic  anomalies  (such  as  bum  rate  augmentation)  become  significant. 

The  burning  rate  of  a  high  energy  propellant  as  a  function  of  strain  is  presented  in  rig.62a.  The 
data  show  that  no  significant  augmentation  of  burning  rate  occurs  for  pressure  below  500  psi 
regardless  of  strain  (the  samples  fail  at  approximately  25%  strain).  At  higher  pressures 
(p  2. 750  psi)  bum  rate  augmentation  appears  for  strains  above  approximately  8%.  At  1500  psi  and 
strains  above  approximately  1 2%,  the  sample  bums  in  a  vigorous  and  nonplanar  fashion  precluding 
meaningful  measurement  of  a  linear  surface  regression. 

Data  for  several  types  of  propellants  show  bum  rate  increase  at  pressures  and  strains  greater  than 
some  threshold  values  (The  magnitude  of  the  threshold  values  depends  on  the  propellant.)  It  should 
be  emphasized  that  both  threshold  values  have  to  be  exceeded,  exceeding  just  one  is  not  sufficient. 
For  example  high  strain  but  low  pressure  will  not  cause  augmentation  nor  will  high  pressure  but  low 
strain. 

The  mechanical  response  of  the  propellants  to  strain  was  studied  using  a  binocular  microscope. 
These  studies  showed,  using  the  propellant  of  Fig.  62a  as  an  example,  that  at  4%  strain,  de bonds 
(separation,  on  a  micro-scale,  of  the  solid  particle  from  the  polymeric  binder)  between  ingredients 
occurs.  Between  9-11%  strain,  these  debonds  are  often  fully  developed  cracks,  with  the  walls  of  the 
crack  in  clcse  proximity.  At  approximately  16%  these  cracks  are  open  voids;  that  is,  the  walls  of  the 
crack  are  no  longer  in  contact  with  one  another.  At  approximately  24%  the  sample  is  often  riddled 
with  large  cracks  and  the  sample  fails 

The  above,  coupled  with  our  knowledge  of  flame  stand-off  distance  decrease  with  pressure 
increase,  provides  a  mechanistic  understanding  for  the  bum  rate  augmentation  due  to  strain  and 
pressure.  The  mechanism  is  shown  in  Fig.  62b.  At  low  strain  values  the  propellant  is  not 
significantly  damaged  and  so  regardless  of  the  flame  stand-off  (Fig.  62b  (top))  augmentation  will  not 
occur.  When  the  propellant  is  highly  strained  and  fissured,  augmentation  occurs  if  the  flames  can 
penetrate  into  these  fissures.  At  low  pressures  the  flame  stands  too  far  from  the  surface  to  allow 
penetration,  but  at  high  pressures  the  flame  is  close  enough  to  the  surface  to  penetrate  the  fissures  and 
cause  bum  rate  augmentation, 
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Fig.  62a.  Burning  Rate  of  a  High  Energy  Propellant  as  a  Function  of 
“ressure  and  Strain. 
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Fig.  62b.  A  Mechanism  for  the  Augmentation  of  Bunting  Rate  Due  to 
Pressure  and  Strain. 

Since  flame  penetration  into  the  defects  seems  to  be  required  for  burn  rate  enhancement  a  study 
was  done  using  propellants  that  had  been  strained  almost  to  failure  and  then  the  tension  removed.  The 
voids  closed  and  when  these  samples  with  the  closed  voids  were  burned,  the  bum  rate  was  identical  to 
the  undamaged  propellant  burned  at  that  pressure. 

These  data  indicate  that  strain  can  cause  damage,  and  if  that  damage  is  sufficient  and  open,  and  if 
the  pressure  is  high  enough  to  allow  flame  penetration  into  the  defects,  then  bum  rate  enhancement 
can  occur. 

5.4  BETOKAnOK 

Chapter  4  presents  solid  propellant  rocket  motor  hazard  response  to  various  threats  in  general 
stimulus-output  terms.  Slow  cook-off,  fast  cook-off,  fragment  and  bullet  impact,  sympathetic 
detonation,  and  response  to  electromagnetic  radiation  are  the  hazard  areas  and  no-reaction,  burning, 
burning  with  propulsion,  deflagration,  explosion,  and  detonation  are  output  responses.  Detonation  is 
the  most  severe  of  these  output  responses. 
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There  are  several  major  paths  to  detonation.  The  detonation  inay  be  the  result  of  a  shock  stimulus 
-  (shock-to-detonation  transition,  SDT),  or  the  result  of  transition  from  burning  (deflagration-to- 
detonation  transition,  DDT),  or  a  combination,  or  delayed  detonation  (often  called  XDT).  Within  each 
of  these  areas,  SDT,  DDT,  XDT,  there  are  several  alternate  routes  that  can  result  in  a  detonation. 

The  purpose  of  this  chapter  is  to  transform  the  general  hazard  threats  discussed  in  the  previous 
chapter  to  the  various  technical  concerns.  This  section  will  primarily  be  devoted  to  the  SDT,  DDT, 
and  XDT  technologies  that  provide  tire  basic  information  necessary  to  assess  the  sympathetic 
detonation,  bullet  and  fragment  impact  areas.  Specifically  to  be  discussed  arc: 

•  Mechanistic  understanding  of  the  phenomena  -  includes 

consideration  of  sample,  stimuli,  and  environment. 

•  What  information  is  required  to  characterize  the  hazard  situation 

and  predict  the  response? 

■  What  tests  are  required  to  provide  this  information? 

•  What  analytical  modeling  is  used  to  provide  this  information? 

Detonation 

Ideally,  the  detonation  is  a  discontinuity  or  shock  wave  moving  through  the  unrcactcd  energetic 
material  at  supersonic  speed  and  driven  by  the  exothermic  chemical  reactions  of  energetic  material 
reacting  to  final  products.  In  this  ideal  picture,  this  discontinuity  moves  into  the  energetic  material  of 
initial  density  and  temperature.  On  the  other  side  of  this  discontinuity  are  reaction  products  at  high 
pressure,  high  temperature,  high  density. 

The  above  description  assumes  infinitely  fast  chemical  reactions  which  of  course  is  physically  not 
possible.  There  is  a  finite  reaction  time  associated  with  the  conversion  of  energetic  materials  to  final 
products,  thus  there  has  to  be  a  reaction  zone  separating  the  unreacled  energetic  material  and  its  final 
reaction  products.  This  is  shown  in  Fig.  63. 
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D  =  detonation  front  velocity 
x  =  reaction  zone  thickness 

Fig.  63.  Schematic  of  Detonation  Reaction 


Typical  values  for  parameters  are  given  in  Table  17. 


Table  17. 


Po 

g/cc 

P2 

L-fte 

P2 

Kbars 

BIS 

X 

mm 

~rM 

TNT 

HMX 

AP 

1.77 

1.64 

1.89 

1.95 

OS 

2.15 

33? 

189 

390 

187  (qal) 

m 

8)64 

6.94 

9.1 

The  pressures  and  times  necessary  to  initiate  detonation  typically  are  in  tens  of  kilobars  applied  for 
a  few  microseconds.  This  is  even  for  the  case  of  DDT  where  even  though  the  process  may  take 
hundreds  of  microseconds,  most  of  the  process  is  the  build-up  of  reactions  to  produce  these 
pressures.  Once  the  high  pressures  arc  obtained,  it  only  takes  a  few  microseconds  for  the  detonation 
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to  occur.  The  response  of  the  energetic  material  is  dependent  on  the  time  and  shape  of  the  pressure 
pulse.  In  response  to  square  pulse  shock,  the  detonation  pressure-time  often  obeys  a  relationship  erf 
p"t  =  constant.  The  value  of  n  =  2  is  often  used  (Walker  and  Wasley,  1969). 

5.4.1.  Shock  to  Detonation  Transition  (SDT) 

SDT  is  the  development  of  detonation  through  a  pressure  (shock  wave)  imparted  to  an  energetic 
material.  For  a  rocket  motor,  this  pressure  could  be  the  result  of  an  impact  (e.g.  bullet,  fragment,  or 
shaped  charge  jet)  to  the  motor  case  with  transmission  erf  a  pressure  pulse  of  mechanical  shock 
through  the  case,  liner  and  insulator,  and  into  the  propellant.  As  discussed  in  the  fragment  impact 
protocol  critical  diameter,  initiation  pressure,  run-distance,  and  time  are  critical  considerations.  These 
are  discussed  below. 

5.4.1. 1.  Critical  Diameter/Critical  Dimension,  jg 

There  are  basically  three  ways  to  measure  critical  diameter.  The  first  is  to  have  many  different- 
sized  cylinders  of  various  diameters  and  sufficient  length,  and  test  until  a  clear  (fcmarcation  is  found. 
Cylinders  of  diameter  larger  than  the  critical  size  will  detonate,  while  samples  with  smaller  diameter 
will  not  This  can  be  a  rather  lengthy  process.  Other  methods  consist  of  ei'her  a  conical  or  stepped 
charge  initiated  at  the  large  end  (Fig.  64).  The  detonation  is  followed  until  it  fails.  Both  erf  the  latter 
two  methods  may  suffer  from  the  overboosting  of  the  detonation  wave.  The  consequences  of  this  can 
be  minimized.  For  the  cone  situation,  a  cone  of  large  taper  angle  is  usually  used  to  get  an  approximate 
value;  then  a  cone  of  diameter  near  this  value  and  with  a  very  narrow  cone  angle  is  tested  in  onfcr  to 
minimize  the  overdrive.  Another  approach  is  to  vary  the  cone  angle  and  extrapolate  to  zero  angle. 

In  the  stepped  cylinder  case,  care  roust  be  taken  to  have  the  length-to-diameter  ratio  (I/d)  ot  each 
cylinder  sufficient  to  achieve  a  steady-state  detonation.  In  some  cases  this  may  require  1/d  of  8  to  12. 
This  seems  to  be  the  case  for  ammonium  perchlorate  propellants  and  it  brings  up  an  interesting  point. 

If  it  takes  10  diameters  for  the  detonation  to  "die"  (50  inches  for  a  5  inch  diameter)  and  our  motor 
length  is  less  than  this  length  needed  for  "die-out",  do  we  care  -  the  entire  motor  may  detonate. 

Other  investigators  measure  a  critical  height  or  critical  dimension.  One  method  is  to  have  a  wedge 
of  propellant  placed  on  a  witness  plate,  as  shown  in  Fig.  65.  The  witness  plate  is  "read"  to  see  where 
the  detonation  failed.  Another  method  of  determining  the  critical  dimension  is  shown  in  Fig.  66. 


INITIATE 

HERE 


Fig.  65.  Wedge  Used  for 
Critical  Dimension  Test 


Fig.  64.  Critical  Diameter 
Test  Specimens. 


In  this  test  the  witness  plate  is  "read"  to  determine  when  the  detonation  died  out.  This  test  is  often 
run  with  crush- up  coaxial  velocity  probes  on  the  side  of  the  sample,  so  that  the  detonation  velocity  is 
measured,  as  well  as  the  point  where  the  detonation  failed. 
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Unfortunately,  the  data  produc  ed  from  critical  diameter  experiments  do  not  always  agree  ot 
correlate  with  data  from  critical  dimension  experiments.  Additional  work  needs  to  be  (lone  in  this 
area. 

Critical  diameter  data  for  propellants  unfortunately  often  are  not  available.  The  lack  of  data  has 
torced  some  investigators  to  make  an  analogy  to  Project  SOPHY  data  (Elwell  and  others,  1967)  which 
presented  critical  diameter  erf  different  propellants  incorporating  various  amounts  of  RDX. 
Unfortunately  the  comparison  may  no  longer  be  valid.  The  critical  diameter  may  significantly  be 
greater  or  less  than  predicted  using  the  SOPHY  data.  This  seems  to  be  most  prevalent  in  modem  high 
solids  loading  and/or  highly  catalyzed  and/or  nilramine  containing  propellants  (Bmnet  and  Salvetat, 
1988). 

The  concept  of  a  critical,  or  failure,  diameter  is  more  complex  when  applied  to  propellants  than  to 
high  explosives.  In  a  given  configuration  such  as  shown  in  Figs.  64  through  66,  the  detonation  runs 
until  the  critical  dimension  is  reached  and  then  promptly  dies  out  (although  there  may  be  some 
overdrive).  Recent  work  with  medem  ammonium  perchlorate  based  propellants  having  high  solids 
loadings  (and  with  some  explosives  incorporating  significant  amounts  of  ammonium  perchlorate),  this 
prompt  cessation  of  detonation  at  the  critical  dimension  docs  not  necessarily  occur.  Three  instances 
are  described  below. 

(1)  Several  investigators  have  reported  that  when  ammonium  perchlorate  based  materials  were 
boosted  to  detonation,  the  material  continued  to  detonate  much  further  down  the  tapered  sample  than 
expected  from  the  critical  dimension  determined  in  other  experiments.  Although  the  velocity  was 
decaying,  it  took  lengths  equal  to  seveiai  times  the  supposed  critical  diameter  before  the  wave  became 
subsonic.  This  seems  to  be  consistent  with  the  observations  quoted  above  on  the  stepped  cylinder 
experiments;  the  detonating  propellant  forming  the  donor  charge  fortlte  material  downstream. 

(2)  A  high  solids  loading  ammonium  perchlorate  based  metallised  propellant  was  recently  tested  in 
the  apparatus  of  Fig.  66.  This  propellant  tested  zero  cards  in  the  NOL  card  gap  test.  That  is,  no 
detonation  was  produced  even  when  the  donor  was  placed  right  on  top  of  the  acceptor.  Three 
different  length  samples  were  tested  -  one  36  inches  long  (=91  cm),  one  24  inches  long  (=61  cm), 
and  one  16  inches  long  (=41  cm).  The  samples  had  coaxial  crush  velocity  probes  along  all  four 
sides  of  the  sample.  The  results  of  the  tests  arc  shown  in  Fig.  67.  The  top  of  the  figure  presents  a 
schematic  showing  that  for  comparison  purposes,  the  apex  of  the  cone  is  considered  the  zero  distance 
reference. 
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Fig.  67,  Typical  Wedge  Test  Results. 
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Thus  the  plot  shows  that 

(1)  the  36  inch  long  sample  was  detonated  with  the  detonation  wave,  which  was  traveling  at 
approximately  8  mm/usec,  diminishing  to  2.2  mm/psec  at  approximately  the  18  inch  (*46  cm) 
distance.  From  the  18  inch  to  4  inch  (»10cm)  distance  the  wave  traveled  at  a  constant  velocity  of 
2.2  mmAisec.  At  approximately  the  4  inch  (“10  cm)  distance  the  probe  crush  ceased.  This 
corresponded  to  a  1.0  inch  (-2.5  cm)  critical  dimension. 

(2)  The  24  inch  test  resulted  in  a  detonation  wave  of  decreasing  velocity  to  the  18  inch  (=46  cm) 
mark.  From  the  1 8  inch  to  approximately  the  5  inch  (“12.7  cm)  distance,  the  wave  proceeded  at 
2.6  mmAisec.  At  approximately  5  inches  it  died  out,  corresponding  to  a  1. 1  inch  (-2.8  era)  critical 
dimension.  The  16  inch  long  test  did  not  show  the  king  region  of  high  velocity  wave  as  seen  in  me  24 
and  36  inch  tests.  Instead  this  test  showed  a  constant  velocity  of  approximately  1 .6  mm/msec  from 
onset  to  approximately  6  inch  (-15  cm)  distance,  corresponding  to  a  critical  dimension  of 

1.26  inches  (“3-2  cm). 

The  sound  speed  was  also  measured  for  these  propellants  and  was  found  to  be  2.05  mm/psec 

While  detonation  physicists  may  argue  whether  these  reactions  traveling  at  approximately 
2  mnVpsec  were  "true"  or  "robust"  detonations,  the  violence  of  the  reaction  should  be  considered. 

(a)  It  had  sufficient  impulse  to  crush  the  coaxial  velocity  probe.  An  explosion  or  deflagration 
does  noL 

fl>)  The  brass  witness  plate  showed  removal  and  flow  of  metal.  Again,  explosions  and 
deflagrations  do  not. 

(c)  The  reactions  were  traveling  at  approximately  sonic  velocity.  The  point  to  be  made  is  that 
this  intermediate  reaction,  which  took  place  over  a  long  run  distance  is  more  closely  akin  to  a 
detonation  rather  than  an  explosion  in  terms  of  violence  of  output. 

(3)  Work  on  propellant  samples  has  shown  that  a  center  perforation  can  make  the  sample  more 
sensitive  (same  outside  diameter).  This  is  in  contrast  to  reports  from  the  SOPHY  program  that 
claimed  that  in  their  work  center  perforations  decreased  the  sensitivity.  In  these  more  recent  tests, 

10  inch  (»25  cm)  and  8  inch  («20  cm)  diameter  by  10  inch  long  samples  detonated  when  initiated 
by  a  plane  wave  booster.  (The  length  of  the  sample  was  limited  by  charge  weight  safety  limitations 
for  the  given  firing  arena.)  Six  inch  («1S  cm)  diameter  samples  detonated  but  appeared  to  be  failing 
at  the  end  of  the  charge.  Five  inch  (—12.7  cm)  diameter  samples  showed  a  detonation  only  at  the 
center  2  inches  (~5  cm)  at  the  end  of  the  charge.  When  a  sample  having  a  1  inch  (-2.5  cm) 
cylindrical  center  perforation  was  tested,  the  entire  sample  was  consumed  in  a  detonation  of  more  than 
usual  brisance  as  related  by  occupants  of  laboratory  buildings  some  distance  away. 

These  are  preliminary  results  but  are  of  concern  to  propulsion  personnel  since  many  of  our  motors 
have  a  center  perforation  or  conduit 

A  more  detailed  description  of  detonation  phenomena  in  charges  with  an  axial  hole  is  found  in 
Annex  If. 

The  effect  of  center  perforation  also  seems  to  have  more  of  an  effect  (increased  sensitivity)  than 
reported  in  SOPHY . 

5.4. 1.2.  Initiating  Pressure.  Pj 

There  are  many  tests  available  to  measure  initiating  pressure.  These  include  various  gap  tests 
(including  aquarium  tests),  booster  tests,  wedge  testa,  projectile  impact  tests,  and  a  relatively  new 
test--the  flying  foil  test--designed  to  test  very  small  amounts  of  propellants  and  explosives. 

Gap  Test.  Probably  the  most  widely  used  tests  are  the  various  gap  tests.  Of  these,  the  NOL 
large-scale  gap  test  (Fig.  68)  is  the  most  widely  used.  It  consists  of  an  explosive  donor,  an 
attenuating  material,  and  acceptor  energetic  material  The  attenuator,  usually  polymethyl-methacrylate 
(PMMA),  is  adjusted  in  thickness  to  change  the  shock  level  to  the  acceptor  The  donor  is  two 
pentolite  pellets  (50%  TNT,  50%  PETN),  The  acceptor,  1.44-inches  (“3  66  cm)  in  diameter,  is 
confined  in  a  steel  sleeve.  A  mild  steel  witness  plate,  approximately  3/8-inch  (-1  cm)  thick  and 
standing  1/16-inch  (“1 ,60  mm)  from  the  acceptor,  is  used  to  determine  whether  or  not  a  detonation  (a 
clean  hole  purched  through  the  witness  plate)  occurred. 
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In  the  U.S.,  the  NOL  gap  test  has  been  used  as  the  principal  device  tn  classify  energetic  materials 
as  to  their  hazard.  If  the  acceptor  detonates  when  the  gap  is  70  cards  (0.7-inch  (=1.78  cm))  or 
greater,  then  the  energetic  material  is  given  a  1 . 1  hazard  classification;  otherwise,  the  material  is 
classed  1 .3.  While  this  test  works  well  for  tesdng  most  high  explosives  (except  perhaps  for  highly 
porous  materials,  weak  explosives,  or  explosives  having  a  critical  diameter  larger  than  3.8  cm),  it  has 
several  drawbacks  for  propellant  testing.  In  order  for  the  test  to  have  meaning,  the  acceptor  sample 
critical  diameter  must  be  less  than  the  approximately  1  1/2-inch  diameter.  Obviously  most  explosives 
fulfill  this  requirement  while  many  propellants  have  larger  critical  diameters  and  hence  are  not 
amenable  to  testing  using  the  NOL  gap  test. 

Part  of  this  reservation  may  be  overcome  through  use  of  the  8-inch  (=20.3  cm)  gap  test;  however, 
the  size  of  die  booster  and  acceptor  with  their  considerable  output  makes  this  test  too  large  for  some 
installations. 

Another  problem  associated  with  using  the  traditional  NOL  gap  test  with  propellants  is  the  lower 
output  of  many  propellants  as  compared  with  more  robust  high  explosives.  Some  compositions  do 
noi  have  enough  output  to  punch  a  clean  hole  through  the  witness  plate  even  though  the  reaction  was  a 
detonation  In  some  instances  investigators  (e.g.  D.  Price)  have  had  to  resort  to  using  an  energetic 
material  as  the  witness  plate:  a  detonation  of  the  sample  causes  detonation  of  the  energetic  material 
"witness  plate”  while  a  nondetonation  of  the  sample  does  not. 

Aquarium  Test.  Aquarium  tests  arc  a  type  of  gap  test  for  which  water  is  the  gap  and  confining 
material.  Water  has  advantages  because  its  properties  are  very  well  characterized.  In  addition,  the 
phenomena  can  be  photographed  showing  initiation  of  donor,  shock  wave  in  water,  shock  wave  into 
acceptor,  and  reaction  of  sample.  Work  at  the  Naval  Weapons  Center,  modeled  after  the  work  of 
Liddutnd  (1965)  with  modifications  suggested  by  S.  Jacobs  and  D.  Price,  has  utilized  aquarium  testing 
to  study  the  shock  sensitivity  of  undamaged  and  damaged  propellant.  Data  from  these  tests  compared 
favorably  with  wedge  test  data  obtained  by  Los  Alamos  National  Laboratory  on  the  same  propellants. 

Wedee  Test.  Wedge  tests  offer  significant  advantages  and  can  provide  relationships  between 
initiating  pressure,  run  length,  and  delay  time.  In  these  tests,  schematically  shown  in  Fig.  69,  a  plane 
shock  wave  enters  the  test  wedge.  As  the  wave  traverses  the  wedge,  the  position  is  seen  as  a  moving 
line  (moving  toward  the  apex)  on  the  aluminized  mylar  film  attached  to  the  wedge  (shown  at  two  times 
in  schematic.  Fig.  69). 

With  the  angle  known  and  the  tine  position  measured,  the  run  distance  can  easily  be  determined. 
Since  the  measurements  are  time  resolved,  the  run  time  is  also  easily  determined.  By  varying  the 
plane  wave  booster  or  the  attenuator  in  the  tests,  the  input  shock  pressure  to  the  sample  can  be  varied 
so  that  shock  input  pressure-run  distance-time  relationships  can  be  made. 

The  run  distance  (Xj)  initiating  pressure  (p,)  data  are  often  plotted  in  what  is  referred  to  as  "Pop" 
plots  in  terms  of  log  run  distance  as  a  function  of  log  input  pressure.  Data  plotted  in  this  fashion  form 
a  straight  tine  with  negative  slope  (Fig.  70). 

These  data  are  oflcn  used  in  the  Forest  Fire  analysis  of  shock  initiation  (Forest.  1981). 

While  wedge  tests  provide  much  data-nin  distance  and  run  time  as  a  function  of  initiating 
pressure -there  are  some  drawbacks.  One  is  cost.  The  test  uses  samples  whose  dimensions  must  be 
carefully  controlled,  but  more  importantly  it  uses  a  plane  wave  booster  for  each  shot.  From  a 
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technical  standpoint,  run  length  and  delay  time  are  not  sufficient  characteristics,  especially  far 
damaged  materials;  both  run  length  and  delay  time  vary  with  porosity,  and  the  critical  initialing 
pressure  increases  with  porosity  decrease  (Price  and  Jacobs,  1981),  Thus,  more  porous  charges  are 
easier  to  initiate  (lower  p)  but  require  slightly  longer  run  distance  and  run  time.  TTiis  can  be  confusing 
since  one  material  may  be  more  sensitive  than  another  material  at  low  pressure,  but  less  sensitive  at 
high  pressure. 


Distance  to  Detonation  (mm) 

Fig.  70.  "Pop"  Plot  for  PBX  9404  at  p  =  1 .84  gm/cm3. 

Minimum  Primine  Charge  Test.  In  this  test  a  cylinder  of  energetic  material  (usually  2-inches 
(■=5  cm)  in  diameter  and  2-inches  (-5  cm)  high,  or  1  1/2-  (-3.8  cm)  by  1  1/2-incnes)  has  a 
hemispherical  cavity  milled  into  one  end.  This  cavity  is  then  filled  with  Extex  explosive  (80% 
PETN/20%  Sylgard)  initiated  by  a  mild  detonating  fuze  from  a  primer.  The  shock  strength  is  varied 
by  the  radius  of  the  hemisphere.  A  witness  plate  provides  evidence  of  whether  a  detonation  occurred 
or  not.  The  typical  test  setup  is  shown  in  Fig.  71. 

Several  investigators  prefer  this  test  because  of  the  spherically  diverging  shock  and  because  it 
correlates  well  with  data  from  other  tests,  but  the  test  has  limitations.  It  is  not  very  applicable  to 
samples  that  have  very  large  critical  diameters  or  to  samples  having  much  damage. 

Flviny  Plate  Tests.  Various  flying  plate  impact  rests  exist  in  which  a  disc  erf  material  is  propelled 
by  a  gun  or  explosive  charge  against  the  flat  end  of  a  cylindrical  charge.  By  varying  tire  composition, 
thickness,  arxi  velocity  of  the  impactor,  various  levels  and  shapes  of  shock  are  possible. 
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Flying  Toil  Test.  The  flying  foil  test  is  a  tJetermination  of  the  response  of  a  energetic  material  to 
short -duration  shock  stimulus.  In  the  test  a  mylar  flyer  (foil)  is  accelerated  to  high  velocity  by  an 
electrically  vaporized  strip  of  aluminum.  The  mylar  flyer  impacts  the  sample,  producing  a  strong 
shock  wave  in  the  sample.  Samples  are  either  cast  in  a  steel  confinement  ring  (washer)  or  cut  to  shape 
and  inserted  into  the  ring.  Each  sample  is  a  3.56-mm  diameter  by  3.06  mm  high  cylinder.  Reaction 
detonation)  in  the  sample  is  detected  by  enlargement  of  the  sample  confinement  ring.  The  quantity 
measured  is  the  minimum  voltage  on  the  capacitor,  used  to  vaporize  the  aluminum  foil,  that  just  causes 
detonation  in  the  sample.  Through  the  calibration  of  the  device,  voltage  is  related  to  flyer  velocity. 
Velocity  of  flyer  and  shock  properties  of  mylar  and  sample  determine  the  pressure  into  the  sample. 
Thus,  the  test  determines  the  shock  pressure  that  causes  initiation.  Unlike  gap  tests,  the  shock  is 
planar,  constant  amplitude,  and  short  (=5  ns,  depending  on  the  flyer  thickness),  lire  test  has  the 
advantage  of  requiring  a  small  sample  and  is  relatively  inexpensive  to  perfonn.  (The  typical  test  setup 
is  depicted  in  Fig.  72.) 

STEEL  DISK 

- - WITNESS  PLATE 

_  11/16  IN. I 


Fig.  72.  Exploding  Foil  Assembly. 


5.4. 1.3. 


Damaged  energetic  material  behaves  differently  from  its  undamaged  counterpart.  Both  the  critical 
diameter  and  pressure  required  to  initiate  detonation  are  changed,  causing  increased  sensitivity 
(smaller  critical  diameter  and  lower  pressure).  Figure  73  shows  the  increase  in  shock  sensitivity  as  a 
function  of  void  volume  for  one  type  of  propellant  information  on  the  type  and  extent  of  damage  is 
required  if  one  is  going  to  predict  the  hazard  sensitivity  of  the  damaged  energetic  material. 
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Fortunately,  recent  efforts  (Lepie  and  Moran,  1935;  Richter,  Lepie  and  A  dieoff,  1980;  and  Richter 
and  Lepie  as  cited  in  Boggs  et  ai  1988)  have  provided  tods  that  characterize  energetic  materials  in 
terms  of  the  stress-strain  behavior  and  the  strain- volume  dilatation  (percent  voids).  Stress-strain 
behavior  can  be  obtained  using  conventional  techniques  such  as  the  Instron  tester.  While  inferences 
of  the  onset  of  dewetting  (the  onset  of  damage  caused  by  separation  of  the  solid  particles  by  the 
binder)  can  sometimes  be  made,  use  of  a  volume  dilatometer  provides  quantitative  information  of  the 
degree  of  damage. 

Use  of  both  tensile  and  shear  dilatometers  using  both  mercury  and  a  Freon-type  liquid  has  been 
demonstrated  and  discussed  by  Richter,  Lepie  and  Adicoff  (1980)  and  others. 


1.1 

t.o 
0.9 
0.8 
0.7 
0.6 
0.5 
0.4 

012345678 
VOID  VOLUME  (VOL  *) 


£1 

■ 

m 

■ 

& 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

K 

■ 

■ 

■ 

■ 

i 

■ 

m 

s 

H 

■ 

m 

■ 

■ 

■ 

■ 

■ 

B 

E 

m 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

m 

m 

B 

Fig.  73.  Aquarium  Gap  Test  Results  -  Normalized 
Pressure  Versus  Void  Volume. 


The  work  of  Richter,  Graham  and  others  (as  described  in  Boggs  et  al.  1988)  on  shock  sensitivity 
of  damaged  propellants  was  accomplished  using  the  Instron  device  to  produce  damage  at  the  strain 
rate  of  50  in/min  (-127  cm/min).  The  damaged  samples  were  tested  for  shock  initiation  using  an 
aquarium  test  Supplemental  tests  using  hydrostatic  compression,  as  well  as  the  strain  volume 
dilatation  characterization,  were  used  to  estimate  the  damage  present  when  the  damaged  samples  were 
shocked  (usually  15  to  20  minutes  after  the  damage  had  been  produced). 

Future  work  is  moving  toward  higher  strain  rates  (up  to  12,000  in/nrin-»5.08  m/s)  and 
decreased  time  between  damage  production  and  shock  stimulus  (as  short  as  a  few  tens  of 
milliseconds). 

5 .4.2.  Dcflagration-to-Detonation  Transition  (DPT) 

This  technical  area  considers  whether  or  not  a  propellant  reaction  can  transition  from  a  burning 
reaction  to  a  detonation.  The  considerations  are  shown  in  the  flow  chart  (Fig.  74).  The  key 
requirement  for  this  transition  to  occur  is  a  sufficient  surface  to  volume  ratio  and  porosity  of  the 
energetic  sample  either  through  manufacture  and  loading,  in  the  case  of  some  gun  propellants,  or 
through  large  scale  damage  in  the  case  of  missile  propellants.  For  missile  propellants  the  first 
consideration  then  is  the  likelihood  of  the  propellant  being  damaged  either  before  or  during  the  bum. 
This  is  a  critical  consideration  because,  with  rare  exceptions,  it  is  impossible  for  a  consolidated 
propellant  at  near  theoretical  maximum  density  (TMD)  to  undergo  a  DDT  reaction. 

The  next  consideration  is  whether  or  not  sufficient  surface- to-volumc  and  porosity  exist.  Figure 
75  presents  the  limits  of  DDT  for  granulated  propellant  samples  (Butcher  and  others,  1 979).  This  plot 
shows  that  you  must  have  sufficient  TMD  -  here  about  499t  TMD;  any  less  w-ill  not  sustain  and 
accelerate  the  reaction.  If  the  sample  is  too  dense,  the  DDT  reaction  will  not  occur.  Similarly  there  is 
a  range  of  surface  to  volume  required  (100- 700  inches1)  if  DDT  is  to  occur.  If  these  conditions,  or 
similar  conditions  for  other  samples,  arc  not  met  then  a  DDT  reaction  is  extremely  improbable. 
Although  transition  to  detonation  may  not  be  probable,  an  explosion  may  still  occur.  In  order  to 
determine  whether  an  explosion  may  occur,  the  pressure  and  the  rate  of  pressurization  caused  by 
gasification  roust  be  determined  and  compared  to  the  rupture  characteristics  of  the  motor  case. 

If  the  propellant  is  damaged  and  if  the  resulting  %TMD  and  surface-to-volume  ralio  are  in  the 
"right"  range  then  DDT  is  extremely  likely.  Whether  or  not  the  DDT  occurs  is  determined  by  the 
pressure  and  pressurization  rate  within  the  vessel  and  the  rupture  characteristics  of  the  vessel  (motor 
case).  If  the  motor  case  ruptures  "too  soon,"  then  confinement  is  lost  and  the  DDT  reaction  becomes 
unlikely.  (Tire  rupture  may  be  a  violent  explosion.)  The  rupture  characteristics  of  the  vessel  need  in 
be  determined  experimentally  and/or  analytically  but  will  not  be  discussed  further  in  this  paper. 
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Fig.  74  Hazard  Analysis  Protocol  for  Deflagration  to  Detonation  Transition. 


Fig  75.  Limits  of  DDT  for  Granulated  Propellant  Samples  (Butcher 
and  others,  1979). 


The  pressure-time  history  of  a  DDT  reaction  is  shown  in  Fig.  76.  This  figure  shows  several 
regions:  the  ignition,  slow  combustion  build-up,  combustion  coupled  with  weak  compaction  wave, 
combustion  coupled  with  strong  compaction  wave,  shock  formation,  and  detonation.  The  location  of 
these  events  in  the  p-t  plane  are  strongly  influenced  by  several  considerations.  These  include  the 
degree  of  confinement,  the  strength  or  "brisartce"  of  the  ignition  stimulus,  the  sample  thermochemic.-!! 
and  physical  characteristics,  the  charge  dimensions  (diameter  and  column  length),  and  the  intrinsic 
detonability  of  the  material.  The  physical  characteristics  of  the  sample  include  the  size  and  shape  of 
the  damaged  pieces,  the  porosity  and  gas  permeability,  and  the  compressibility.  The  ihennochemical 
considerations  include  the  chemical  composition  of  propellant,  pyrolysis  products,  and  final  products; 
the  kinetics  and  energetics  associated  with  the  pyrolysis  (solid  propellant  going  to  reactive  intermediate 
species)  process,  and  the  kinetics  and  energetics  associated  with  the  conversion  of  the  reactive 
intermediate  gases  to  final  products. 

It  must  be  stressed  that  the  above  items  are  listed  separately  but  in  fact  the  DDT  process  is  a  highly 
coupled  interaction  of  these  various  considerations. 
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Fig.  76.  Standard  Test  Unpressurized  1 2  g  2056D/Black 
Powder  Bag  and  3  g  Mg-Teflon  Test  Comparison. 

From  the  above  discussion  it  can  be  seen  that  the  following  types  of  data  are  necessary  in  order  to 
predict  whether  DDT  is  likely  to  occur; 

•  Strength  and  brisance  of  ignition  stimulus 

•  Confinement  and  rupture  characteristics  of  the  case 

•  Compaction  behavior  of  the  sample  -  how  the  %TMD  changes  with  pressure 

•  The  compaction/drag/permeability  -  the  compaction  is  caused  by  an  imbalance  of  forces 

between  the  drag  of  die  gases  flowing  over  the  panicles  and  the  particles  ability  to  resist 
compression.  As  the  sample  is  compacted,  the  permeability  "he  ability  of  gas  to  flow' 
through  the  sample)  is  changed 

•  The  kinetics  and  energetics  associated  with  the  pyrolysis  and  conversion  to  final  products 

•  The  compressive  ignition  characteristics  of  the  compacted  material 

•  The  detonability  of  the  propellant 

In  order  to  obtain  these  data  various  tests  described  below  are  used. 

5.4.2. 1.  Tests 

Various  tests  are  used  to  determine  the  susceptibility  of  energetic  materials  to  DDT.  The  tests 
dcteimine  the  ease  with  which  the  energetic  material  may  be  damaged  (friability)  and,  once  damaged, 
how  easy  it  is  to  transition  from  burning  to  detonation. 

Shotgun  Test 

The  friability  of  a  propellant  is  usually  determined  using  the  shotgun  test.  In  this  test  a  sample  of 
propellant  (usually  8  grams  -  approximately  1 .75  cm  diameter  by  1.85  cm  long)  is  fired  from  a 
smooth  bore  gun  (usually  a  12  gauge  shotgun)  at  a  rigid  target  (usually  a  steel  impact  plate).  The  plate 
is  located  inside  a  catch  box  so  that  the  damaged  propellant  can  he  collected  for  later  firing  in  a  closed 
combustion  bomb  (90  cubic  centimeter  closed  vessels  are  often  used).  The  apparatus  is  shown  in  Fig. 
77.  Tlie  velocity  of  the  sample  is  recorded.  The  velocity  is  varied  by  varying  the  amount  of  shotgun 
powder  used,  the  velocities  ranging  from  those  causing  no  sample  break  up  to  velocities  where  some 
of  the  sample  weight  is  lost  because  some  of  the  very  fine  material  "flashes  off." 

Tlie  resulting  damaged  sample  is  then  collected  and  fired  in  a  closed  bomb  and  ihe  pressure-time 
history  measured.  Tiie  data  arc  presented  in  several  ways: 

(1)  Re,  a  list*  Quickness  (dp/dt)  -  For  a  given  run  the  maximum  quickness  dp/dt  is  determined  (and 
sometimes  compared  to  that  of  some  standard  material  of  known  geometry).  A  high  value  of  relative 
quickness  shows  large  amounts  of  damage. 

(2)  Critical  Impact  Velocity  (CIV)  -  This  method  takes  quickness  measuremems  one  additional 
step.  In  this  method  the  maximum  dp/dt  is  plotted  versus  its  impact  velocity  (sec  Fig.  78,  Gould, 

1981 ).  The  critical  impact  velocity  (CIV)  is  that  velocity  where  the  straight  fine  fitted  through  the  data 
points  crosses  the  dp/dt  value  of  2.5  x  10*  psi/sec  (1.74  MPa/s).  This  2.5  x  psi/scc 

( 1 .74  MPa/s)  value  was  the  value  of  pressurization  that  caused  DDT  of  cut  propellants  of  known 
surface  to- volume  ratios  fired  in  closed  pipe  tests 

(3)  Bum  Area  -  While  the  above  two  techniques  give  some  indication  of  the  degree  of  damaged 
propellant,  or  friability,  there  are  limitations.  Neither  method  actually  measures  damage,  or  mare 
importantly  surface  area,  hi  addition,  while  friability  can  be  compared  within  similar  propellant 
families,  it  is  almost  impossible  to  compare  quickness  or  CIV  between  widely  different  propellants  (or 
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ai  least  between  propellants  having  widely  different  bum  rates).  Since  dp/dt  is  a  function  of  drrs/dt  and 
since  m  =  pAb  it  is  apparent  that  dp/dt  is  not  an  accurate  characterization  of  burning  surface  (Ab)  area 
between  propellants  having  widely  different  values  of  density  (p)  and/or  bum  rate  (r). 

PHOTOELECTRIC 


CONCRETE 

CUBE 


Fig.  77.  Shotgun  Test  Facility  (NWC)  (Gould.  1981) 


Fig.  78.  Typical  Shotgun/Quickness  Test  Results  (Gould,  1981). 


To  overcome  these  deficiencies  a  technique,  CBREDII  (Price,  et  a].,  1979),  was  developed  that 
gives  the  bum  area  as  a  function  of  time  and  distance  burned,  as  well  as  charactenstic  dimension  of 
the  damaged  material.  In  this  method  an  undamaged  sample  is  burned  in  the  closed  bomb.  Smcc  the 
geometry  is  knots  it  the  initial  bum  area  can  be  assumed  as  well  as  a  form  function  to  describe  the 
surface  regression.  From  these  runs  the  burning  rate  (surface  regression  rate  as  a  function  of 
pressure)  can  be  determined  Having  this  bum  rate-pressure  parameter,  and  the  propellant  density, 
pressure-time  data  for  damaged  propellant  can  be  reduced  with  assumptions  of  the  thermochemistry  to 
give  bum  area-pressure  (and  hence  time)  values.  The  bum  area- time  and  bum  area-distance  (mined 
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characteristics  allow  one  to  compare  damage  for  propellants  having  different  density  and  bum  rates. 
The  shape  of  the  bunt  area-time  curve  allows  determination  of  the  type  of  damage  (e.g.,  lots  of  fines 
that  bum  off  quickly  leaving  a  moderately  damaged  propellant  to  quiescently  bum). 

Ctoscd  Pipe  Tests 

Tests  to  determine  the  ease  erf  transition  from  burning  to  detonation  are  usually  done  in  a  closed 
lube  configuration.  Fig.  79,  with  different  stimuli.  Various  igniters  have  been  used,  ranging  from 
"soft"  (Butcher  and  others,  1982;  Butcher,  1982;  Butcher  and  Isom,  1982;  Price  and  Boggs,  1983)  to 
"hatd"  (Bemecker  and  others,  1982;  Bemecker  and  Price,  1975;  Price  and  Bemecker,  1975; 
Bernecker,  1978;  Bemecker  and  others,  1976;  Bemecker  and  others,  1985;  Bemecker,  1984),  to  start 
the  materia]  in  the  ignitor  end  of  the  tube  reacting.  Driver  sections,  a  burning  material  isolated  from 
the  rest  of  the  bed  by  a  gas  impermeable  barrier,  have  also  been  used  as  the  stimulus  (Campbell, 
1980).  Sandusky  has  used  a  piston  driven  into  the  tube  to  study  compaction  driven  DDT  (Sandusky 
and  Bemecker,  1985,  Sandusky,  1983).  Various  tube  materials  have  been  used  and  include  Lexan 
and  Steel. 


Fig.  79.  Cross  Section  of  DDT  Tube.  (A.  Ignitor  Bolt;  B.  Ignitor,  C.  Ignitor/Explosive 
Interface;  D.  Strain  Gauges;  E.  Ionization  Probe  Location;  F.  Explosive  Charge;  G.  Tube; 

H.  Bottom  Closure,  Inner  Diameter  =  16.3  mm,  Outer  Diameter  =  50.8  mm.  Distance 
From  Ignitor/Explosive  Interface  to  Bottom  Closure  =  295.4  mm.)  (Bemecker  1978) 

Various  types  of  instrumentation  have  been  used  in  studying  DDT  in  the  closed  tube 
configuration  The  earliest  tests  were  essentially  go/no-go  tests:  a  detonation  occurred  or  did  no. 
occur  as  evidenced  by  numbers  of  fragments  and  type  of  fragmentation  (e.g.,  "blueing”  of  metal). 
Strain  gauges  and/or  event  pins  (ionization  and/or  closure  pins)  were  added  as  shown  in  Fig.79  and 
wave  speeds  and  event  times  could  be  determined.  For  example,  Fig.  80  shows  a  compressive  from 
traveling  it  1 .25  mm/gsec,  forward  and  rearward  running  compression  waves  at  approximately 
2  mm/gsec  (G,  F-E-D)  and  onset  of  detonation  at  x  =  153  mm  followed  by  detonation  wave  at  7.29 
mm/msec  (BcmecKer,  et  a!.,  1976). 

With  the  use  of  transparent  tubes  (Lexan),  continuous  access  sueak  cameras,  continuous  access 
framing  camera,  and  flash  x-ray  instrumentation  were  used.  Typical  results  are  shown  in  Fig.  81 , 
showing  several  events  and  associated  velocities.  The  use  of  Hash  x-ray  not  only  allowed  identifi¬ 
cation  of  wave  behavior  but  also  provided  quantitative  values  of  the  compaction  (lead  foils  anchor  balls 
were  used  as  markers  and  the  spacing  between  markers  was  used  to  determine  the  density). 

The  use  of  pressure  transducers  has  been  a  significant  improvement,  providing  quantitative  data  as 
opposed  to  just  wave  speeds,  just  as  flash  x-ray  provided  improvement  over  simple  event  gauges. 

Both  Butcher  and  others  (1982)  and  Bemecker  and  others  (1985)  have  used  pressure  transducers, 
extending  our  knowledge  of  DDT  phenomena.  They  have  investigated  behavior  resulting  from  igniter 
strength,  bed  compaction  and  pre-pressurization  that  affect  nonequilibrium  or  transient  combustion 
and  hence  DDT  behavior  (Butcher  and  others,  1982;  Boggs  and  others,  1982). 

Similar  experiments,  often  called  convection  combustion  experiments,  have  been  dcsie  at  various 
conditions  in  an  effort  to  understand  the  first  portion  of  the  DDT  phenomena  (Atwood  and  ottiers, 
1986). 
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Fig.  80.  Data  for  Shot  61 3  on  470(1  Tetryl  at  85%TMD,  po  =  1.47  g/cc.  fa.  Distance-time  plot 
(o  custom-made  probes,  •  commercial  probes,  X  change  in  slope  of  e-t  curve  of  b,  coalescence 
of  isobars);  b.  Strain-time  plots  (change  of  slope  shown  by  letters  which  also  appear  in  a.  Each 
curve  except  the  lowest  has  been  raised  0.2  x  10'3  oe,  or  an  integral  multiple  thereof,  for  better 
data  display.)]  (Bemecker,  et  a).,  1976) 


Fig.  81.  Distance-Time  Data  From  61.0%  TMD  1080  pm  HMX,  po  =  1.16  g/cc 

(Shot  A10).  ( - luminous  front  in  HMX; . luminous  front  in  NaCl; 

□  head  of  weak  compaction  wave  (WCW);  0  head  of  1.54  g/cc  compaction 
regime;  ♦  upstream  end  of  compacted  column,  ■  bead  of  strong  compressive 

wave  A(SCW);  — •  —  path  of  WCW; - estimated  path  of  SCW  Numerical 

value  is  velocity  of  a  front  in  rr.nVps.) 

Experiments  in  Support  of  DDT  Modeling 

Much  of  the  modeling  of  DDT  begins  wiih  first  principles  equations  of  mass,  momentum,  and 
energy  conservation.  Ttie  models  try  to  describe  phenomena  consisting  of  highly  coupled  interactions 
between  gasification  of  the  solid,  flow  of  gases  past  solids  causing  compaction,  compaction  restricting 
further  flow,  reaction  of  gases  with  various  (thermal  and  mechanical)  energy  release  mechanisms.  A 
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complete  inscription  is  improbable  (and  probably  intractable)  and  so  various  constitutive  relationships 
are  used  to  describe  the  heat  transfer,  drag,  compaction,  gasification,  etc.  The  parameters  used  in 
these  relationships  come  from  ancillary  experiments  such  as  compaction  studies  (Sandusky  and 
others,  1982;  El  ban  and  others,  1981;  Elban,  1982;  Kooker  and  Costantino,  1986)  ignition  and 
transient  combustion  studies  (Boggs  and  others.  1982;  Boggs  and  others,  1984;  DeLuca  and  others, 
1976;  Gem  and  others,  1973;  Krier  and  others,  1976),  permeability  and  drag  experiments  (Atwood 
and  others,  1986;  Kuo  and  Nydegger,  1978;  Jones  and  Krier,  1983;  Ergun,  1952),  bum  rates  (Boggs 
and  others,  1980;  Boggs  and  others,  1977;  Pair  and  others,  1983),  and  flame  spread  and  burning 
surface  area  (Price  and  others,  1979;  Krier  and  others,  1976). 

5.4.2.2.  Mechanistic  Understanding 

Rapid  progress  in  understanding  the  various  processes  occurring  during  DDT  has  been  made  in 
the  last  decade;  however,  much  work  needs  to  be  done.  The  understanding  of  compaction  behavior 
has  increased  markedly  (Kooker  and  Costantino,  1986).  The  importance  of  using  a  fully  transient 
combustion  description  instead  of  the  previously  used  ignition  criteria  and  steady  state  burning  has 
been  recognized  (Boggs  and  others,  1982;  Boggs  and  other',  1984;  Price  and  Boggs,  1983;  Hopkins, 
1974,  Keller,  Horst  and  Gough,  1985;  and  Kim,  1984). 

Another  view  of  strong  mechanical  interactions  between  gas  and  condensed  phases  is  also 
suggested  by  Leiber  (1984).  Discussion  of  the  various  models  requires  more  scope  than  available  in 
this  publication,  interested  readers  are  referred  to  Price  and  Boggs  (1983),  Beekstead  and  others 
(1977),  Pilcher  and  others  (1976),  Pilcher  and  others  (1977),  Pilcher  (1978),  Krier  and  Gokhale 
(1978),  Krier  and  Kezerle  (1977),  Baer  and  Nunziato  (1984),  Weston  and  Lee  (1985),  and  Butler  and 
others  (1985)  for  detailed  discussion  of  the  various  models. 

Deficiencies  in  Understanding  Chemical/Physical  Phenomena 

General:  Most  past  descriptions  of  the  DDT  process  have  been  cast  in  physical  rather  than 
chemical  tettns.  Reactions  were  assumed  to  be  either  ’off'  or  "fully  on"  with  full  and  instantaneous 
equilibrium  thermochcmical  energy  release.  This  drove  much  of  the  experimental  and  analytical  work 
Indeed,  experimental  measurements  largely  consisted  of  wave  speeds  as  determined  by  strain  gauges 
and  ionization  or  shorting  pins  down  the  length  of  the  test  bed.  It  has  only  been  recently  that  pressure 
transducers  have  been  used.  The  analyses  were  primarily  the  prediction  of  shock  wave  speed  and 
amplitude. 

5.4.2. 3.  Detkicndgsin  EAgtmmmai.W.Qrk 

Damage:  The  entire  DDT  process  is  predicated  on  materials  having  a  high  surface  to  volume  ratio. 
For  solid  rocket  propellants  this  requires  damage,  and  rather  extensive  damage,  of  the  propellant. 

This  is  the  first  and  key  consideration. 

While  wc  use  tests  such  as  the  shotgun  to  give  a  ranking  of  a  propellant's  toughness  or  resistance 
to  damage,  wc  do  not  obtain  much  fundamental  understanding  from  these  tests.  We  must  understand 
the  mechanisms  causing  damage:  how  is  damage  formed  (e.g.,  dewetting  of  crystalline  ingredients 
from  the  robbery  matrix),  whal  type  of  damage  is  formed,  and  to  what  extent. 


■  Most  of  the  DDT  tube  studies  have  been  done  using  idealized  systems:  ball  powders,  HMX 
panicles,  cut  or  shredded  propellant.  It  is  now  time  to  start  testing  real  propellant  having  real 
damage. 

•  Our  tests  need  to  be  better  instrumented  especially  to  delect  and  follow  die  thcnnochemical 
reactions.  It  has  only  been  recently  that  we  have  started  using  pressure  transducers  and  Hash 
x-ray  (to  detect  and  follow  compaction).  The  next  step  is  to  measure  temperatures  and 
hopefully  some  day  have  an  indication  of  what  species  are  present 

•  Measurements  need  to  start  at  time  zero  (with  current  to  the  igniter)  not  just  near  the  detonation 
transition  event.  The  processes  occurring  early  in  the  event  set  up  the  DDT. 

Collaborative  Experiments  to  Provide  Constitutive  Equations  and  Parameters  for  These  Euuations 

•  We  need  more  compaction  experiments  with  emphasis  on  dynamic  compaction  of  real 
propellants. 

•  We  need  more  drag-compaction-permeability  experiments  with  emphasis  on  higher  Reynolds 
number  flow. 
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•  We  need  more  transient  combustion  studies  to  determine  kinetic  and  energetic  parameters. 

•  We  need  to  decouple  the  mechanical  phenomena  (compaction,  fluid  flow)  from  the  combustion 
aspect!  and  study  each  separately,  and  then  merge  phenomena  in  step  wise  fashion. 


5. 4. 2.4. 


■  We  need  better  constitutive  relations  and  assumptions. 

•  We  need  better  thermochemical  energy  release  description.  Must  replace  ignition  criteria 
followed  by  steady  state  bunting  with  fully  transient  description. 

•  We  must  have  better  success  in  describing  experiments  modeling  various  pans  of  process. 
•  Gas  flow  in  tube 


•  Gas  flow  in  packed  bed 

•  compaction 

•  permeability 

•  piston  driven  compaction  tests 

•  "convective  combustion"  tests 

•  DDT  tube  tests 


As  stated  earlier,  a  complete  analytical  description  of  DDT  based  only  on  f.rst  principles  is  not 
currently  possible:  constitution  equations  and  parameters  are  often  used.  These  equations  and 
parameters  are  developed  based  on  experimental  work. 

5.4.3.  Delayed  Detonaticnl.fXD.P 

Some  shock  input  tests  and  some  impact  (and  multiple  impact)  initiation  tests  exhibit  a  delayed 
detonation;  that  is  the  resultant  detonation  occurs  at  a  time  later  than  the  normal  transit  time  of  the 
shock  through  the  material.  These  reactions  not  only  occur  at  times  longer  than  characteristic  of  SDT, 
they  also  require  a  lower  stimulus  (e.g.,  as  much  as  50%  lower  impact  velocity,  see  Fig.  82).  and  an 
increased  number  of  cards  in  the  card  gap  test  (Fig.  83).  These  types  of  reactions  have  been  called 
XDT.  with  the  X  reflecting  an  uncertainty  with  respect  to  the  mechanisms  involved. 


Not  only  do  these  XDT  reactions  require  lower  values  of  input  stimuli  but  they  are  also 
characterized  by  higher  output.  Figure  82  clearly  shows  this,  and  tests  in  France  have  shown  that  the 
output  overpressure  of  XDT  is  always  greater  than  that  of  SDT  (generally  30%  or  more). 
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Fig.  82.  Overpressure  Versus  Impact  Velocity  for  Direct  Impact  Tests.  Lines  on  XDT 
datum  points  imply  higher  overpressure  than  is  indicated  (Blommcr  as  cited  in 
Energetic  Materials  Hazard  Initiation,  May  1987). 
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Sample  size  also  determines  the  initiation  threshold  as  seen  in  Fig.  84.  Sample  geometry  ami 
relation  of  sample  orientation  and  stimulus  are  also  important  determinants  of  whether  XDT  will 
occur.  For  example,  when  a  cylindrical  sample  of  sufficient  size  (Fig.  84)  travelling  at  sufficient 
velocity  (Fig.  82)  impacts  head-on  (axis  of  the  cylinder  perpendicular  to  the  target  plate)  an  XDT 
occurs;  however,  if  the  cylinder  strikes  side-on  (axis  of  the  cylinder  parallel  to  the  plate)  XDT  does 
not  occur. 

Sample  mechanical  properties  are  also  important  as  indicated  in  Fig.  and  85. 

While  initially  unknown,  the  mechanisms  responsible  for  XDT  are  becoming  better  understood. 
The  process  is  generally  thought  to  include  fragmentation  of  the  sample,  recompression  of  the 
fragmented  materia],  initiation  of  combustion,  and  subsequent  build  up  to  detonation. 
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Fig.  83.  Card  Gap  Test  Results  Showing  SDT  and  XDT  (from 
Keefe.  1981) 
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Fig.  84.  Dependence  of  the  Velocity  Threshold  for  Observation  of  XDT  on 
Sample  Diameter  for  Various  Propellants  A  Through  E  (Blommer  as  cited  in 
Energetic  Materials  Hazard  Initiation,  May  1987). 

This  XDT  phenomena  has  been  observed  for  some  propellants  in  several  relatively  small  scale 
tests  including  the  NOL  card  gap  test  (Keefe,  1981and  Butcher  and  Isom,  1982),  the  shotgun  lest 
(Blommer  as  cited  in  Energetic  Materials  Hazard  Initiation,  May  1987  and  Butcher  and  Isom,  1982), 
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projectile  impact  (Green,  et  a!,  1981),  and  piston  driven  compaction  of  granulated  propellant  (Green, 
et  al,  1981).  It  has  been  suspected  that  XDT  type  reactions  may  have  been  involved  in  some  large 
scale  mishaps.  In  these  instances  large  rocket  motors  bunt,  expelling  propellant  fan  the  motor  and 
causing  it  to  impact  on  adjacent  test  cell  components/walls.  Although  the  impact  levels  were  not 
thought  to  cause  SDT,  it  is  thought  that  XDT  occurred,  causing  widespread  destruction. 
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Fig  85.  Effect  of  Impact  Fragment  Size  on  Sensitivity  to  XDT  (from  Butcher 
and  Isom,  1982). 

5.4.4.  Lflw_ydffi.ity.IXioa;ition 

The  preceding  sections  dealt  with  the  transition  from  shock,  deflagration,  or  sample  break-up  and 
recompression  to  a  detonation  (SDT,  DDT,  or  XDT).  Another  possibility  (Low  Velocity  Detonation) 
is  described  in  Annex  III. 


5.5.  PENETRATION  MECHANICS  ANDBALL1STTC  LIMITS 

As  was  discussed  in  Chapter  4,  if  a  fragment  or  bullet  does  not  promptly  cause  a  detonation  by  the 
SDT  (or  DDT  or  XDT)  mechanism  then  the  possibility  of  an  explosion  must  still  be  considered. 
Whether  the  explosion  occurs  or  not  is  dependent,  as  discussed  in  Chapter  4,  on  such  considerations 
as  ballistic  limit  (can  the  ffagment/bullet  penetrate  the  motor  case),  the  ignitability  of  the  propellant,  the 
mass  bum  rate  (includes  surface  regression  rate  and  bum  rate)  of  the  propellant,  the  vent  size(s) 
produced  in  the  penetration  and  whether  the  reaction  products  can  be  vented  rapidly  enough  to  prevent 
the  explosion.  Tests  in  each  of  these  areas  are  discussed  below,  but  before  discussing  these 
individual  considerations  the  scale  model  rocket  motor  tests  of  projectile  impact  used  in  the  Untied 
Kingdom  are  discussed. 

In  the  UK  work  on  vulnerability  of  rocket  motors  to  fragroenl  attack  has  made  extensive  use  of  a 
model  scale  rocket  motor  (MSM)  (Fig.  86).  A  standard  target  cylindrical  tube,  external  diameter  127 
mm,  length  254  mm,  of  any  desired  material,  forms  the  case  for  the  propellant  charge.  This  may  be 
an  externally  inhibited  loose  charge,  or  case-bonded  with  or  without  an  inhibitor  as  appropriate;  it  may 
be  a  solid  charge,  or  with  any  web  configuration  desired;  an  igniter  may  be  included-  The  cylinder  is 
dosed  by  massive  steel  caps,  which  overlap  the  ends  of  the  cylinder  and  incorporate  O-ring  seals. 
These  end-caps  are  connected  by  four  external  tie-rods,  regularly  spaced  around  the  cylinder.  Usually 
an  appropriate  nozzle  and  venturi  are  fitted  into  one  end-cap,  Attack  is  by  means  of  a  single  17  g  steel 
cylinder  (representative  fragment)  presented  end -on  at  a  point,  halfway  along  the  length  of  the  cylinder 
and  midway  between  two  tie-rods;  this  cylinder  is  fired  from  a  smoothed-borc  0.5''  Browning  barrel 
at  one  of  two  velocities,  viz  525  ±  25  or  925  ±  25  m/s.  Even  the  lower  velocity  range  has  been 
sufficient  to  overcome  the  ballistic  limit  of  the  case  except  in  one  or  two  low-temperature  experiments 
on  propellant  in  steel  cases.  Ignition  has  otherwise  occurred  in  every  trial,  even  if  the  fragment  has 
completely  traversed  the  case..  The  main  assessment  of  violence  of  response  is  from  the  state  of  the 
tube  after  the  event.  Instrumentation  includes  velocity  screens  to  measure  the  exact  impact  velocity; 
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blast  overpressure  gauges;  internal  pressure  (Kistler)  gauges  in  some  experiments,  and  cine 
photography  at  2000  pps. 

The  results  in  terms  of  tube  fragmentation  are  divided,  for  the  purposes  of  the  research,  into  six 
categories,  but  nearly  all  are  burnings  or  deflagrations,  though  a  few  of  the  most  violent  are  in  the 
mild  explosion  category.  No  detonations  have  been  observed.  This  test  is  now  standard  for 
qualification  of  rocket  motor  propellants  in  the  UK. 

The  results  of  nearly  200  MSM  experiments,  involving  5  propellants  (one  extruded  double-base 
(EDB),  one  cast  double-base  (CDB),  one  composite  modified  cast  double-base  (CMCDB),  one 
elastomer-modified  cast  double-base  (EMCDfi),  and  one  hydroxy-terminated  poiybutadienc  (HTPB). 
all  U.K.  Hazard  Division  Class  1 .3  compositions)  [NOTE;  1 .3  hazard  classification  by  United 
Kingdom  RARDE  Scaled  Vessel  Test,  see  page  59  France  anti  the  United  States  use  card  gap  tests  to 
determine  hazard  classification  of  propellants.  The  Netherlands  use  the  TNO  tube  test],  6  tube 
materials  (mild  steel,  aluminum  alloy,  fiberglass,  steel  strip-laminate,  carbon- fibre  reinforced  plastic 
(CFKP),  Kcvlar-ovcntTapped  light  alloy)  and  a  range  of  temperatures  may  be  summarized  as  follow  s: 

1 .  Increasing  the  frangibilitv  of  the  propellant  (without  temperature  change)  tends  to  increase  violence 
of  response  (EDB>CDB>EMCDB:  CMCDB>HTPB). 

2 .  Increasing  calorimetric  value  of  propellant  tends  towards  more  violent  response. 

3.  Making  cases  able  to  vent  more  quickly  tends  to  reduce  violence  of  response,  c.g..  Kevlar- 
overwrapped  light  alloy  containing  HTPB.  Steel  strip-laminate  is  not  however  very  effective. 

4 .  An  inhibitor/insulator  layer  (as  opposed  to  simple  gluing)  may  reduce  violence  of  response  for 
case-bonded  charges  (observed  for  CMCDB  where  case-bonding  is  probably  improved;  no  change  for 
HTPB  w  here  use  of  glue  is  standard). 

5 .  The  presence  or  absence  of  an  igniter  is  unimportant;  even  hitting  the  igniter  with  the  fragment  had 
no  effect  on  the  result 

ft.  For  CMCDB  and  HTPB  (case-bonded)  more  violent  responses  are  obtained  with  star-centered 
conduit  charges  than  with  solid  charges;  for  F.DB  (loose,  inhibited)  there  is  little  difference. 

7.  A  fragmenl  which  completely  traverses  the  MSM  gives  a  less  violent  response  than  a  somewhat 
slower  one  which  remains  inside. 

8.  lowering  ihe  temperature  produces  a  sharp  increase  in  response  as  the  temperature  passes  through 
a  value  related  to  (but  somewhat  above)  the  glass  transition  temperature  for  the  propellant  under  test 
(as  measured  at  low  strain  rates). 

These  results  in  general  underline  the  importance  of  crack-propagation  (and  branching)  in 
enhancing  the  violence  of  the  response  (nos.  1.8);  the  role  of  support  of  the  charge  in  reducing  either 
crack  propagation  or  the  effectiveness  of  cracks  in  increasing  the  burning  surface  (no.  6,  EDB  charges 
being  loose  and  being  very  brittle  perhaps  shatter  in  any  case);  the  more  damaging  effect  of  the  use  of 
higher-energy  propellants  (the  higher  flame  temperatures  producing  higher  gas  pressure  in  the  MSM  - 
no.  2);  the  importance  of  effective  case-bonding  (no.  4);  and  the  value  of  quick  venting  in  reducing  the 
response  (nos.  3,7). 

No  standardized  test  procedure  is  available  in  the  UK  to  test  stress/strain  characterization  under  the 
high  strain  rate  conditions  involved  in  fragment  attack;  die  "glass  temperature"  is  definitely  a  function 
of  strain  rate  and  also  probably  of  extensibility.  Work  is  in  progress  on  crack-propagation  and  is 
expected  to  be  extended  to  crack-branching,  which  is  probably  equally  important  for  propellant 
fragmentation. 

Projectile  Attack  Full-Scale.  Trials 

The  MSM  work  described  above  has  been  followed  up  by  a  senes  of  trials  using  single 
projectiles,  ranging  from  3.1  g  steel  cube,  through  7.62  mm  bullet,  17  g  steel  cylinder  presented  end 
on  (as  in  the  MSM  work)  and  0.5”  AP  bullet  (single  shot)  to  20  mm  HE  to  attack  NATO  Bullpup 
motors  (which  contain  49  kg  low-performance  CDB  propellant)  withdrawn  from  service.  The  results, 
assessed  in  terms  of  case  damage,  showed  increased  response  with  increasing  projectile  kinetic  energy 
and  decreased  response  with  increasing  presented  area  of  the  projectile  (i.e..  with  projectile  entry  hole 
size).  (The  latter  indicates  the  importance  of  venting  in  the  area  of  impact,  while  the  former 
presumably  shows  the  importance  of  damage  to  the  charge  in  this  situation,  where  none  of  the 
projectiles  traversed  die  motor  completely.) 
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Tlie  exception  was  the  20  inm  I  IE  where  there  was  little  damage  to  the  case  other  than  that  in  the 
immediate  neighborhood  of  the  point  of  impact,  where  the  damage  was  sufficient  to  provide  more  than 
adequate  venting.  No  detonations  were  observed.  Attack  by  HE  rounds  or  motors  containing  more 
energetic  propellanis  w'ould  certainly  raise  the  possibility  of  detonating  the  propellant.  This  w'ould 
depend  critically  on  whether  the  diameter  or  characteristic  dimension  of  the  projectile  were  greater  or 
less  than  the  critical  diameter  of  the  propellant  (see  Fig.  1 1 ). 

Some  trials  with  .30  caliber  ball,  .50  caliber  ball,  .50  caliber  API.  20  mm  API,  and  23  mm  HE1-T 
against  US  Class  1.3  and  Class  1.1  (see  previous  Note)  composite  propellants  in  a  20  cm  diameter 
motor  are  reported  in  AGARD  Conference  Proceedings  No.  367,  p.  2-2  These  resulted  in  ignition 
only  (the  Class  1 . 1  propellants  giving  less  violent  fires)  except  with  the  23  mm  HEI-T,  which 
detonated  the  Class  1.1  compositions. 

The  relevance  of  the  MSM  work  to  full  scale  motor  vulnerability  is  accepted  by  the  l  -K 
government  for  purposes  of  propellant  qualification  on  the  basis  of  evidence  from  full  scale  bullet 
attack  trials  (mostly  single  shot  0.5  inch  API.  There  is  limited  UK  evidence  that  « iih  fairly  large 
motors  (3  m  long,  propellant  as  1K6  kg)  single  bullet  attack  gives  more  violent  response  at  the  head 
end  than  at  the  nozzle  end  or  half-way  along  the  motor  This  is  not  unexpected  in  terms  of 
confinement  of  the  propellant.  There  has  also  been  a  little  work  in  the  UK  on  the  effect  of  multiple 
attacks  (hurst  of  three  0.5  AP  bullets),  the  results  suggesting  that  much  greater  violence  can  he 
developed  than  with  a  single  shot.  Trials  have  also  been  carried  out  against  the  NA  TO  Fiullpup  motor 
in  its  carrying  box.  and  the  effect  of  venting  the  box  in  mitigating  the  response  has  been  demonstrated. 

Investigators  in  the  US  are  measuring  the  ballistic  limits  of  various  case  materials  (steel, 
aluminum,  and  composite)  and  various  thicknesses  backed  by  simulated  propellant  subjected  to 
various  fragment  masses,  velocities,  angles  of  obliquity,  and  fragment  shape. 

Ballistic  Limit  of  Case.  A  key  consideration  in  Fig.  1 3  was  whether  a  fragment  of  a  gixen  mass 
and  orientation  has  sufficient  velocity  to  penetrate  the  motor  case.  Sewell  and  Graham  have  presented 
a  simple  penetration  equation  of  the  form 


Tcsec0 


Kmvj 

A~ 


where 

Tc  ~  thickness  of  case  ss  hich  will  be  perforated  in  tire  impact 
0  =  obliquity  angle  (angle  of  incidence) 

K  =  a  materials  property  constant  of  the  case  (see  Table  IS) 
m  =  fragment  mass 
vj  =  impact  velocity 
A  =  effective  frontal  urea  of  fragment 

For  the  various  systems  of  units,  the  constants  in  Table  IK  can  be  applied  to  the  above  equation 


Table  IK.  Ballistic  l  imn  Coefficient  for  Two  Sled  Case  Materials. 


Variable 

M 

m 

\ . 

A 

T. 

MngintTring 

degrees 

grains 

tvs 

in- 

in 

l  ’nits 

CC.S 

degrees 

grams 

cm/s 

em¬ 

ail 

SI 

radian 

kg 

liVs 

iii- 

rn 

\  aluc  uf  K 

!  Mild  Steel 

I.W  x  10' 7 

i  5S  x  10  ’’ 

l.sS  x  111' 

2.  Hrincli  steel 

1  47  x  10  ’ 

1  23  x  in  5 

J  -- '  ::|  _ 

NOTE  When  1  is  equivalent  to  the  ca-e  thickness,  the  seuviiy 
is  die  ballistic  Hum  for  the  case 
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Several  parameters  were  identified  in  the  ESI)  hazard  protocol,  as  being  necessary  to  being  able  a- 
predict  ESP  sensitivity  tCovino  and  Hudson.  l‘Wtl;  and  Cosmo  and  Dreit/ler.  logxi.  These  include 
volume  resistivity ,  dielectric  breakdown,  and  dielectric  constants.  Ibis  seciion  describes  how  dies, 
quunuues  arc  measured,  as  well  as  discussing  a  resistor-capacitor  iRCi  discharge  apparatus  and  die 
percolation  theory. 
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5.6.1.  Resistivity  Measurements  as  Applied  to  ESP 

French  experiments  suggested  that  propellant  volume  resistivity  (pv)  as  a  function  of  temperature 
behavior  may  be  important  in  the  ESD  sensitivity  of  a  propellant.  For  all  the  compositions  tested  by 
the  French,  it  was  found  that  the  propellant  volume  resistivity  measurements  from  -40  to  +80°C  (-40 
to  +176°F)  could  show  one  of  three  different  laws  of  resistivity  versus  temperature 

When  plotting  the  In  (p,)  versus  1/Tfor  propellant  samples,  the  French  found  all  of  the  three 
behaviors  shown  in  Fig.  87.  Based  on  semiconductor  theory',  die  existence  of  two  straight 
intersecting  lines  points  to  a  change  in  the  type  of  conduction.  It  was  observed  that  the  compositions 
which  react  to  capacitive  discharges  follow  a  type  1  behavior  (i.e.,  the  ratio  of  slopes,  Mj/Mj,  is 
greater  than  i)  whereas  the  propellant  compositions  which  do  not  react  have  a  type  11  or  HI  behavior 
(i.e  .  M ./M;  is  less  than  or  equal  to  1). 


RECIPROCAL  TEMPERATURE 

Fig.  87.  Plot  of  the  ln(pv)  Versus  ITT  "K  Showing  the  Three 
Types  of  Behavior. 

In  the  U.S.  instrumentation  to  measure  both  volume  resistance  and  surface  resistance  of  propel¬ 
lants  and  propellant  ingredients  as  a  function  of  temperature  and  relative  humidity  has  been  built. 
Temperatures  ranging  from  -30°C  to  100°C  (-22°F  to  2I2C‘F)  can  be  achieved  with  a  Tinrtey  T  and  H 
ir.  chamber.  Surface  and  voluir..-  resie.ance  on  propellant  samples  as  small  as  3.43  cm  can  be  mea¬ 
sured  on  either  copper  or  stainless  steei  leetrodes.  A  Keithley  Model  61 7  digital  electrometer  capable 
of  reading  Kb  ■-‘'A  is  used  to  make  the  current  measurements.  Applied  voltages  ranging  from  45  to 
2.000  V  can  be  used.  The  determination  of  surface  and  volume  resistivities  consists  of  measuring 
surface  and  volume  resistances  followed  by  calculations  of  the  corresponding  resistivities  with  the  use 
of  known  sample  and  electrode  dimensions.  The  volume  resistivity  is  defined  as  the  ratio  of  potential 
gradient  parallel  to  the  current  in  the  material  to  the  current  density  in  units  of  ohm  m  (Keithley 
Instruments,  1984;  and  ASTM,  1983).  The  surface  resistivity  fa)  is  defined  as  the  ratio  of  potential 
gradient  parallel  to  the  current  along  a  surface  to  the  current  per  unit  width  of  tbe  surface  in  units  of 
ohm  m  (Keithley  Instrutnems,  1984;  and  ASTM,  1983). 

Figure  88  shows  electrode  configuration  to  measure  surface  resistance.  The  measurement  is 
performed  by  applying  a  set  voltage  on  the  surface  of  the  sample  and  obtaining  a  current  reading.  The 
following  equation  is  used  to  calculate  die  surface  resistivity  (ps): 

p,  =  Ks*(  V/I)  (Q) 

V  =  Voltage  (volts) 

I  =  Current  reading  (amperes) 

K„  =  A  geometrical  factor  arising  from  electrode  geometry  (unitless) 

The  geometric  factor  is  an  effective  perimeter  of  the  guarded  electrode  divided  by  the  gap  between  the 
guarded  electrode  and  the  guard. 


Fig.  88.  Surface  Resistivity  Electrical  Diagram  (sample  is  disk  shaped). 


108 


Figure  89  shows  electrode  configuration  to  measure  volume  resistance  The  measurement  is 
performed  by  applying  a  set  voltage  through  the  sample  and  obtaining  a  current  reading  after  a  set  time 
interval  of  one  minute  The  following  equation  is  used  to  calculate  volume  resistivity  (pv); 

Pv  =  Kv*(V/I),  (fl-cm) 

V  =  Voltage  (volts) 

1  =  Current  reading  (amperes) 

Kv  =  A  geometric  factor  arising  from  electrode  geometry  (cm) 

The  geometric  factor  is  an  effective  area  of  measuring  electrodes  divided  by  the  sample  thickness. 

In  order  to  calculate  the  geometric  factors.  Ks  and  Kv.  specific  electrode  dimensions  and  sample 
thickness  are  needed.  Figure  90  illustrates  the  electrode  geometry  used  at  VWC.  To  calculate  the 
surface  geometric  factor.  K,.  the  following  equation  is  used: 


K5  =  P/g  =  (irDpl/g 


where: 

P  -  tlie  effective  perimeter  of  tlie  guarded  electrode  foe  the  particular  arrangement  used  (m) 
g  =  gap  (in) 

Dn  =  See  Fig.  90 

l'o  calculate  the  volume  geometric  factor,  Kv,  die  following  equation  is  used: 

K,  -  M 

A  =  ItriDt  rg)-]/4 

D|  =  Diameter  of  inner  ring  on  Fig.  90 

where: 

A  =  the  eflectivc  area  oi  the  measuring  electrode  for  the  particular  arrangement  useil  (m-l 
t  -  the  average  thickness  of  the  sample 


KLKC1KODK 


Fig.  90.  Shows  lire  Flccuode  Configurations  and  Parameters  Needed  for  the 
Geometric  Calculations  for  Surface  and  Volume  Resistivity. 
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Figure  91  show*  surface  resistivity  data  versus  time  for  an  HTPB  binder  propellant  containing 
ammonium  perchlorate  and  aluminum.  The  surface  resistivity  increases  exponentially  as  a  function  of 

time. 


TIME  (5ECON0S;. 

Fig.  91.  Surface  Resistivity  Vs.  Time  at  69.1,F(20.61CC), 
23.3%  RHand  100  V. 


Figure  92  shows  volume  resistivity  data  for  the  same  propellant  The  overall  behavior  for  the 
volume  resistivity  data  is  also  an  exponential  rise  as  a  function  of  time. 


VOLUME 
RESISTIVITY 
TIMES  tOEtntl-CM 


Fig.  92.  Volume  Resistivity  Vs.  Time  at  69. ST  <20.83°C).  22J‘«  HI  1  and  UK)  V. 


Figures  93  through  96  illustrate  ln(pv)  versus  l AT  for  the  same  propellant.  This  data  is  presented 
at  100V  (after  1  minute)  and  500V  (after  1  minute)  and  at  sample  thicknesses  of  0.25"  (0.634  enu  and 
0.50"  (1.27  cm). 

It  should  Ik  noted  that  the  data  reported  in  these  graphs  were  taken  after  1  minute.  From  Fig.  92 
we  can  see  that  within  a  few  seconds  these  materials  reach  a  maximum  volume  resistance  and  at  1 
minute  the  propellant  is  totally  charged.  However,  Uve  time  at  which  maximum  volume  resistivity  i> 
reached  is  material  dependent  and  can  change  from  one  propellant  to  another. 


1,TEMP  (KElVIXi 


Fig.  93.  Volume  Resistivity  Vs.  Temperature  For  Data  Taken 
After  1  Minute,  at  100  V  ami  Low  Relative  Humidity. 
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Fig.  94.  Volume  Resistivity  Vs.  Temperature  For  Data  Taken 
After  1  Minute,  at  1(X)  V  anu  low  Relative  Humidity. 


I'TEMP  (KELVIN! 

Fig.  95.  Volume  Resistivity  Vs.  Temperature  For  Data  Taken 
After  1  Minute,  at  500  V  and  Low  Relative  Humidity. 


1-TEMP  (KELVIN) 


Fig.  96.  Volume  Resistivity  Vs.  Temperature  For  Data  Taken 
After  1  Minute,  at  500  V  and  Low  Relative  Humidity. 

Overall  the  propellants  display  a  linear  dependence  when  plotting  ln(pv)  versus  temperature. 


The  dielectric  breakdown  of  a  material  is  defined  as  the  failure  of  a  dielectric  under  elec  tric  stress. 
The  dielectric  breakdown  of  a  material  is  measured  by  following  tire  ASTM  D149  procedure  (ASTM. 
1981;  and  IEEE  Standard,  1969). 


Ill 


In  summary ,  the  dielectric  breakdown  data  presented  in  this  paper  was  obtained  by  applying  a 
ramped  DC  voltage  to  the  propellant  sample  and  watching  the  material's  electrical  response.  The 
voltage  is  increased  from  zero  at  approximately  600  volts  per  second  until  dielectric  failure  of  the  test 
specimen  occurs. 

A  schematic  of  the  test  circuit  used  at  NWC  is  shown  in  Fig.  97.  The  test  voltage  applied  car,  be 
programmed  to  increase  from  0-40  kV  at  any  predetermined  rate 

Dielectric  breakdown  data  was  obtained  at  different  temperatures  arid  at  sample  thickness  of 
approximately  0.5"  (1.27  cm)  and  0.25“  (0.63S  cm).  Sample  data  is  tabulated  in  Table  19.  As  can  be 
seen  from  the  data  presented,  the  breakdown  voltage  is  virtually  independent  of  temperature.  The  data 
shows  that  both  propellants,  although  different  in  composition  break  down  at  the  same  voltage.  It  is 
planned  to  look  at  this  with  more  sensitive  electronic  as  well  as  monitor  current  during  breakdown  to 
see  if  these  data  are  real. 


Fig.  97.  Dielectric  Breakdown  Measurement  Circuit.  Voltage  application  can  be  ramped 
at  a  variety  of  rates  from  040  kV.  Measurement  can  be  performed  as  a  function  of 
temperature  and  relative  humidiiy.  During  the  dielectric  breakdown,  measurement  of 
applied  voltage  on  the  sample  and  ament  going  through  ihe  sample  are  recorded. 


Table  19.  Dielectric  Breakdown  Data*. 


Temperature 
(RH  Low  -  <  30%) 

.‘sample 

Thickness 

Measured 

Breakdown 

Voltage 

Breakdown 

Voltage 
per  cm 

^  WF 

OTTcm 

1  i  kV 

8.5 Tv 

40°F 

0.663  cm 

5  kV 

7  5  kV 

70°F 

1.202  cm 

1 5  kV 

12.5  kV 

70°F 

0.712  cm 

8  kV 

11.2  kV 

90°F 

0.639  cm 

5  kV 

7.8  kV 

90‘F 

1.328  cm 

12.5  kV 

9.4  kV 

•Breakdown  voltage  ranges  presented  in  thts  tabic  arc  within  the  detection  limit 
of  our  present  instrumentation. 


5.6.3. 


Dielectric  properties  may  be  defined  by  the  behavior  of  the  material  in  a  parallel  plate  capacitor. 
This  is  a  pair  of  conducting  plates,  parallel  to  one  another  and  separated  by  a  distance,  d,  that  is  small 
compared  with  the  linear  dimensions  of  the  plates.  With  a  vacuum  between  die  plates,  the 
capacitances  Q,  is  defined  as: 


w  here  eo  is  the  permittivity  of  free  space,  8,854  x  l(H2  Fnr1,  and  A  is  the  area  of  the  plates.  Since 
e0,  A.  and  d  are  constants  tlte  capacitance  depends  only  on  the  dimensions  of  the  capacitor.  On 
applying  a  potential  difference,  V,  between  the  plates,  a  quantity  of  charge,  Qo.  is  stored  oil  them, 
given  by: 

Qo  =  k-gV 

If  a  dielectric  substance  is  now  placed  between  the  plates  and  the  same  potential  difference  applied, 
the  amount  of  charge  stored  increases  to  Qi  and  the  capacitance  therefore  increases  to  Ci.  Tlte 
dielectric  constant  or  relative  permittivity,  t',  of  the  di  Jecuic  is  related  to  this  increase  in  capacitance 
by: 
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The  magnitude  of  e'  depends  on  the  degree  of  polarisation  or  charge  displacement  that  can  occur  in  the 
material.  For  details  on  dielectric  theory  see  Smyth  (1955),  West  (1984),  and  ASTM  (1971). 

The  dielectric  constant  of  propellants  and  propellant  ingredients  as  a  function  of  frequency, 
temperature,  and  relative  humidity  is  an  important  material  property  to  obtain.  When  looking  at  liSD 
sensitivity  of  solid  propellants  the  dielectric  constant  gives  an  indication  of  the  energy  storage 
capability  as  well  as  energy  discharge  of  the  propellant.  The  following  schematic.  Fig.  98,  illustrates 
how  the  measurement  is  made.  Two  copper  descs  (76  mm  diameter)  form  the  capacitor.  In  order  to 
compensate  for  the  fact  that  the  propellant  samples  are  not  100%  parallel,  lire  plates  can  move  up  and 
down  and  pivot  front  side  to  side.  Details  of  the  dielectric  constant  measurements  can  be  found  in 
Covino  and  Hudson  (1987).  A  summary  of  the  dielectric  constant  data  for  the  propellant  at  different 
sample  thicknesses  is  shown  in  Figure  5.84. 


Fig.  98.  Dielectric  Constant  Measuring  Circuit.  A  capacitance  measuring  assembly. 
Measurements  can  be  made  from  50  Hz  to  10  kHz.  Measurements  can  be  performed 
as  a  function  of  temperature  and  relative  humidity. 
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Fig.  99.  Dielectric  Constant  Vs.  Temperature  at  1  kHz. 


5.6.4.  The  RC  Discharge  Test  Apparatus 

ESD  is  a  phenomenon  that  arises  by  the  discharge  of  static  electricity  across  a  conductive  path 
from  a  region  of  higher  potential  to  a  region  of  lower  potential.  The  “Freneh-like,:  E.SD  test  is  an  RC 
discharge  through  representative  propel! am  samples  with  cylindrical  geometry  of  9.0  cm  diameter  and 
10.0  cm  long.  ”(jo"  or  ''no/go'1  results  as  a  function  of  temperature  and  humidity  can  be  obtained 
from  such  lest.  The  basic  features  of  ,‘te  RC  discharge  test  are: 


1 .  A  known  energy  is  applied  through  a  point  brass  electrode  and  allowed  to  dissipate  through 
the  propellant  to  a  plate  brans  elec mxle. 
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2.  A  typical  test  series  is  30  consecutive  discharges  on  each  of  three  identical  specimens  at  15.6J 
(30  kV  and  34.7  nF). 

If  any  of  the  90  discharges  results  in  "cracking'',  "popping",  smoke  or  fire,  then  the  formulation  is 
considered  sensitive  to  ESD. 

Figure  100  shows  a  schematic  of  the  electrostatic  discharge  test  at  NWC.  It  should  be  noted  that 
electrode  contact  to  the  propellant  is  ensured  by  slightly  forcing  the  tip  of  the  brass  electrode  into  the 
propellant  (approximately  1  nun)  and  by  the  use  of  a  conductive  silver  paint  to  contact  the  plate 
electrode  with  the  propellant,  Figure  101  illustrates  an  electrical  circuit  representation  of  the  NWC 
ESD  RC  discharge  test  apparatus. 


Pig.  100.  A  Schematic  of  the  NWC  Electrostatic  Discharge  Apparatus  Modeled 
Af'er  the  SNPE  Design. 


Fig.  101.  A  Detailed  Circuit  Diagram  of  the  NAVWPNCEN  ESD  RC  Discharge  Apparatus. 


It  should  be  noted  that  a  voltage  range  of  0-40  kV,  currems  up  to  2.0  mA,  and  a  maximum 
capacitance  of  35  nF  arc  available  on  this  instrument.  Energies  of  up  to  1 5.6J  can  be  stored  into  the 
capacitors  and  then  allowed  to  discharge  through  the  propellant. 


Table  20  lists  the  capacitors  and  the  theoretical  maximum  energy  for  each  capacitor,  calculated 
from  E  =  1/2  CV2. 


Table  20.  Capacitors  and  Energies  Available  on  the 


General  Specifications 

Voltage  Range 

0-30  kV 

Current  Range 

2mA  Max 

Fixed  Capacitors 

4.7nF 

lOnF 

20nF 

~rr~ 

■if 

IfiM 

■j»M 

"  T 3T~ 

K>K 

ESnSIulMBHi 

2.1 

OS 

■Em 

li.i 
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Electrostatic  discharge  testing  was  carried  out  on  the  propellant  previously  discussed  as  a  function 
of  temperature.  Propellant  sample  sizes  averaged  9.02  cm  in  diameter  by  10. 16  cm  tall  (3.55  in. 
diameter  x  4.0  in  tall).  Data  for  these  experiments  are  summarized  in  Table  21  and  in  Fig.  102. 

From  the  data  presented,  it  can  be  seen  that  the  propellant  is  ESD  sensitive. 


Table  21.  Electrostatic  Discharge  Data  on  Propellant,  RC-Discharge  Test 
(90  mm  diameter  x  ICO  mm  high,  right  cylinders  were  used) 


ature 

°C 

Relative 

humidity, 

<fo 

m 

Reaction 

-17 

■Mil 

Go 

4  out  of  5  shots  were  positive. 

-17 

•27.2 

<30 

I  til  l  28 

Go 

All  30  shots  were  positive. 

-10 

-23.3 

<30 

■ml 

Go 

All  30  shots  were  positive. 

-10 

-23.3 

<30 

15.8t 

Go 

1  out  of  1  shot  was  positive. 

Sample  moved  away  from 
elecmode  -  test  terminated 

2 

-16.7 

<30 

9.01 

No 

Go 

7 

-13.9 

<30 

15.8t 

Go 

1  out  of  1  shot  was  positive. 

Sample  ignited  and  continued  to 
bum. 

20 

-6.7 

<30 

15.8t 

Go 

4  out  of  30  shots  were  positive. 

30 

-1.1 

<30 

15. 8+ 

Go 

3  out  of  30  shots  were  positive. 

40 

4.4 

>30 

15. 8t 

Go 

1  out  of  10  shots  were  positive. 

Sample  moved  away  from 
electrode  -  test  terminated. 

70 

21.1 

<30 

9.0| 

Go 

Small  cracks  were  visible  at  end 
of  test. 

120 

48.9 

>30 

15.8t 

No 

Go 

t  0.035  pF,  30  kV  1  0.02  pF.  30  kV 
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TEMPERATURE  (C°) 

Fig.  102.  RC  Discharge  Test  Results  for  Propellant. 

5.6.5.  Percolation  Calculations  as  Applied  to  ESD 

In  an  attempt  to  understand  why  certain  propellants  were  ESD  sensitive  and  others  were  not,  the 
French  implemented  the  Percolation  Thecry  (Hammersley  and  Handscomb,  1964;  Hammersley  and 
Broadbent;  and  Hammersley).  A  factorial  examination  of  the  propellant  active  ingredients  was  carried 
out  The  results  of  such  investigations  showed  that  the  aluminum  particle  size  and  the  electrical 
properties  of  the  binder  (binder  =  prcpolymer  +  miscellaneous  additives)  were  major  components  in 
determining  the  propellant  electrical  properties.  From  experimental  obse:  vations  of  discharge  tests, 
the  French  found  that,  at  a  constant  aluminum  concentration,  as  the  particle  size  decreases  (i.e„ 
increase  in  number  of  aluminum  particles)  propellant  sensitivity  to  capacitive  discharge  increases. 

Percolation,  as  theoretically  defined,  is  independent  of  the  applied  voltage  and  allows  (for  a  given 
conducting  and  insulating  particle  system)  determination  of  a  critical  ratio  between  conducting  and 
nonconducting  particles  (Nc/Nj),  above  which,  the  entire  system  is  fully  conducting.  In  the  case  of  a 
composite  propellant,  it  does  not  seem  possible  to  obtain  such  a  level  exactly,  because  the  oxide- 
covered  aluminum  particles  are  working  as  insulators,  although  conductive  inside. 
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Recently  at  SNPE.  Kent  and  Rat  (1980)  indicated  that  they  have  adopted  a  refined  "P  breakdown 
percolation"  coefficient  equation  which  so  far  proves  to  be  more  discriminating.  The  improved 
percolation  breakdown  coefficient  is  defined  as  follows: 


where: 

pn  =  density  of  nonconducting  particles 

pc  -  density  of  conducting  particles 

%  C  =  w.,  percent  of  conducting  particles 

%nf  =  wt.  percent  of  finest  fraction  of  nonconducting  particles 

dnf  =  diameter  of  finest  fraction  of  nonconducting  panicles 

dc  =  diameter  of  finest  fraction  of  conducting  particles 

pb  =  density  of  the  binder 

%b  =  wt.  percent  of  the  binder 

%n  =  wt.  percent  of  all  nonconducting  particles 

Pvb  =  volume  resistivity  of  the  binder  in  fl-m 

It  was  found  by  the  French  that  if  Pimp  was  greater  than  U-m  and  if  weight  percentage  of 
conducting  particles  was  greater  than  15%  the  propellant  was  considered  to  have  an  ESD  hazard. 

A  sampie  calculation  for  Pimp  using  a  hypothetical  propellant  composition  and  particle  sizes  is 
performed  below  in  an  attempt  to  clarify  the  calculation  and  to  point  out  some  of  the  inherent 
assumptions  which  are  made.  Table  22  lists  the  data  used  for  this  sample  calculation. 


Table  22.  Hypothetical  Propellant  Composition. 


%c 

dc 

wt  % 

diameter  of  particles 

Al 

10 

10  mm 

AP 

70 

20  mm 

HTPB 

20 

Pc 

density  (g/cc) 

2.7 

1.95 

0.93 

pot, 

volume  resistivity  (W-m) 

- 

- 

3  x  101U 

Initial  assumption  made: 

1 .  Ai  is  the  only  conducting  species 

2,  AP  is  the  only  nonconducting  species 

.  1 1.95  g/oc  W1 0l/20  pm ^[0.93  g/cc  (  10  70  \  1 

lmP  (  2.7  g/cc  /\70||  jq  |  20  (2.7  g/cc  +  1.95  g/cc j+ '  j 

•3  x  101Oi2-m 

Pimp  =  7.04  x  10>°n-m 

Since  this  value  is  greater  than  1010  £J-m,  if  the  %  of  conducting  particles  is  less  than  1 5%  this 
propellant  would  not  be  considered  sensitive  to  ESD. 

If  a  small  change  in  the  aluminum  panicle  size  (10  to  40  pm)  was  made  to  this  theoretical 
propellant  formulation,  the  Pimp  would  calculate  to  be  l.lOx  lO^n-m.  Since  this  value  is  less  than  1 
x  1010  Q-m,  this  propellant  would  be  considered  less  sensitive  to  ESD.  For  the  propellant  previously 
presented  Pimp  =  1.29  x  !012  fi  m. 

It  should  be  noted  that  the  percolation  breakdown  coefficient  calculation  does  not  include  many 
critical  propellant  parameters  and  therefore  cannot  describe  the  propellant  system  accurately.  Among 
some  of  these  parameters  are:  aluminum  particles  which  are  assumed  to  be  conducting  have  a  highly 
resistive  oxide  coating  and  particle  shapes  are  not  accounted  for.  The  Pcritica!  has  been  simply 
determined  by  experimental  results.  There  is  not  yet  a  physical  interpretation  of  why  it  was  10,(1  U-m 
for  the  critical  P  breakdown  coefficient.  Furthermore,  today's  solid  rocket  propellants  are  quite 
complex.  For  example,  they  might  contain  two  or  more  nonconducting  species  (i.e,,  AP  and  AN) 
which  have  fine  particles,  thus  having  different  contributions  to  the  percent  of  nonconducting 
particles,  In  the  percolation  equation,  ail  the  nonconducting  particles  are  lumped  logeliter  except  fut 
the  finest  fraction  of  nonconducting  particles.  Conducting  species  can  also  be  of  a  different  nature  and 
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thus  have  different  chemical  and  physical  properties.  For  example,  both  aluminum  and  carbon  which 
are  highly  conductive  are  common  propellant  additives.  However  in  the  percolation  equation  all  the 
conducting  species  are  treated  uniformly.  Lastly,  the  binder  itself  is  a  complex  network,  having 
different  chemical  species  with  different  chemical  properties.  However,  it  too  is  treated  as  one  entity 
in  the  percolation  calculation.  In  the  percolation  equation,  rvp  (volume  resistivity  of  the  binder)  is  a 
term  which  most  dramatically  affects  the  magnitude  of  the  P  factor.  This  term  is  measured 
experimentally  and  it  is  temperature-  and  humidity -dependent  as  well  as  time-dependent,  thus  quite 
prone  to  experimental  inconsistencies. 

However  it  is  not  claimed  that  the  equation  gives  an  exact  treatment.  It  only  gives  a  preliminary 
indication  of  whether  an  ESD  hazard  might  be  expected,  which  is  useful  when  new  propellants  are 
being  designed.  The  value  of  Pimp,  in  conjunction  with  the  percentage  of  conducting  particles  gives 
valuable  guidance. 

5.7.  SHAPED  CHARGE  JET 

5.7.1.  Description  of  a  Shaped  Charge  Warhead 

A  modem  rotationally  symmetric  shaped  charge  consists  of  a  high-performance  high  explosive 
charge  which  at  the  end  facing  the  target  usually  has  a  conical  cavity  (Fig.  103).  This  shaped  cavity, 
or  hollow  space,  inspired  the  name  of  "shaped  charge"  or  also  "hollow  charge,"  for  this  type  of 
explosive  body.  Nowadays,  this  cavity  is  usually  lined  with  an  axially  symmetric  layer  of  copper 
having  a  thickness  of,  say,  2  mm.  This  type  of  charge  is  then  termed  a  "lined  shaped  charge." 


Fig.  103.  Shaped  Charge  Components. 

Precisely  axial  initiation  is  essential  for  high  penetration  performance  from  a  rotational  symmetric 
shaped  charge;  this  initiation  is  achieved  by  a  suitable  booster  charge.  Today,  there  is  always  a  space 
in  front  of  the  cavity,  because  the  shaped  charge  reaches  its  highest  penetration  performance  at  a 
certain  stand  off  distance  from  the  targei.  The  initiation  dements,  the  high  explosive  charge,  the  liner, 
and  the  space  are  all  held  together  by  a  casing. 

Penetration  capability  is  considerably  reduced  if  the  rotational  symmetry  of  even  one  of  these  four 
fundamental  parameters  (point  of  initiation,  high  explosive  charge,  liner,  or  casing)  is  disturbed.  In 
such  cases  one  will  obtain  a  cutting  action  with  less  axial  penetration.  So-called  cutting  charges,  or 
linear  shaped  charges,  are  often  used  as  flexible  linear  shaped  charges  (FLSC)  in  controlled  cutting  of 
structure  elements  and  large  charges  in  the  demolition  of  steel  girders  and  reinforced-concrete  bridge 
members. 

5.7.2.  The  Phenomenology  of  the.  Shaped  Charge  (Held.  1981a  ) 

A  cylindrical  high  explosive  charge  placed  directly  (with  no  stand  off  distance)  upon  a  thick  steel 
block  will,  on  detonation,  create  a  shallow  depression  in  this  target  block,  and  the  width  of  the 
depression  is  about  the  same  as  the  diameter  ("caliber")  of  the  charge  (Fig.  104  -  left  picture).  When 
the  charge  has  a  conical  cavity  at  the  end  facing  the  target,  the  result  is,  surprisingly  enough  (von 
Forster,  1883),  a  crater  about  1  caliber  deep,  although  the  amount  of  high  explosive  is  now  less  than 
with  a  full  cylinder  (Fig.  104  •  center  picture).  The  deeper,  though  narrower  hole  in  the  target  block  is 
produced  precisely  opposite  the  cavity  in  the  explosive  charge.  About  the  same  time,  Munroc  (1888a 
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and  1 888b)  also  discovered  the  effect  of  hoi  low-charge  once  more.  Munroe  not  only  made  imprints 
of  elm  and  maple  leaves  in  steel  plates  to  decora®  the  fireplace  at  the  Cosmos  Club,  but  he  also  tied 
sticks  of  dynamite  around  a  tomato  can  and  blew  a  hole  in  a  safe  door.  Photographs  of  the  results 
were  published  in  Popular  Science  in  1900  (Munroe,  1900). 


Fig.  104.  Concentration  Effect  of  Unlincd  and  Lined  Shaped  Charges  Compared  to  a 
Cylindrical  High  Explosive  Charge. 

Comparing  this  effect  with  that  of  a  lined  shaped  charge  (Fig.  104  -  right  picture)  one  will  find  a 
crater  which  now  is  2  to  3  calibers  deeps,  although  its  diameter  is  now  still  smaller  than  that 
produced  by  the  solid  cylinder  of  the  unlined  shaped  charge  (Thomanek,  1938). 

An  engineer  familiar  with  general  demolition  blasting,  but  not  having  any  particular  knowledge  of 
the  shaped  charge  effect,  weald  h.-.ve  expected  increasingly  smaller  penetrations.  For  one  thing,  the 
amount  of  explosive  has  become  less  than  in  the  unlined  shaped  charge,  for  another,  the  center  of 
gravity  of  the  charge  has  moved  away  from  the  target  somewhat,  and  thirdly  the  liner  material  .shields 
the  cavity  from  the  effects  of  the  pressure  The  increase  in  depth  of  penetration  in  spite  of  all  this  is 
surprising  indeed  and  goes  to  show  that  special  effects  have  come  into  play. 

A  comparison  of  the  crater-diameters  related  to  the  various  configurations  of  charges  indicates  that 
the  uitroduciion  of  a  cavity,  and  employment  of  a  liner  have  caused  a  focusing  effect,  resulting  in  an 
enhanced  depth  of  penetration  at  the  expense  of  the  width  of  the  crater. 

Measurement  of  the  lime  history  of  cratering  (Held,  1981  b)  by  means  of  electrical  make-contact 
probes  installed  in  the  target  gives  a  time-versus-distance  diagram  of  cratering,  such  as  die  one  shown 
in  Fig.  105.  A  time  of  approximately  400  ps  is  needed  to  perforate  approximately  6<X>  mm  of  RHA. 
This  means  that  the  mean  velocity  of  cratering  is  1.5  mm/ps,  or  1500  m/s.  This  astonishingly  high 
mean  cratcnng  velocity  can  be  as  high  as  about  4000  m/s  at  the  beginning  of  the  penetration  process. 
Such  a  high  cratering  velocity  indicates  that  the  perforation  of  R1 1A  plates  by  means  of  shaped  charges 
cannot  be  a  thermal  process,  because  the  phenomena  of  heat  conduction  and  melting  could  not 
possibly  propagate  at  such  a  high  speed. 


Fig.  105.  A  Shaped  Charge  Acts  About  40  Times  Longer  Than  a  HE 
Charge  in  Contact. 
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On  the  other  hand,  the  detonation  head  of  a  detonating  cylindrical  high  explosive  charge  of  the 
same  diameter,  in  contact  with  the  target  plate,  would  act  only  for  about  10  ps  (Cook,  1959).  This 
means  that  a  shaped  charge  acts  against  a  target  about  40  times  longer  than  a  cylindrical  charge  in 
contact  would  do. 

The  "concentration,"  and  the  "prolonged  duration”  of  the  effects  appear  to  be  two  features  that  arc 
essential  for  the  high  penetration  capability  of  shaped  charges. 

What  is  known  as  the  stand-off  curve  is  another  characteristic  feature  the  shaped  charge  (Fig.  106) 
(field,  1983a).  The  depth  of  penetration  increases  with  increasing  distance  from  the  shaped  charge 
base  to  the  target,  up  to  a  distance  of  4  to  8  base  diameters  (calibers);  but  it  decreases  again  when  the 
distance  is  increased  further.  This  phenomenon  shows  that  there  is  an  agent  transferring  the  effect 
between  the  shaped  charge  and  the  target  and  causes  maximum  penetration  at  a  certain  stand-off 
distance. 


SU/sd  OH  (cm) 


Fig.  106.  Typical  Stand-Off  Curve  of  a  Shaped  Charge, 

This  transfer  agent  can  be  recorded  and  analyzed  with  the  aid  of  X-ray  flash  photography. 
Although  the  light  flash  of  a  detonation  is  extremely  bright,  the  reaction  products  obscure  the  optical 
view,  but  X-ray-flash  photography  permits  the  observation  of  the  deformation  of  the  shaped  charge 
liner  and  the  formation  of  a  jet  from  it  under  the  high  pressure  of  detonation.  Figure  107  shows  a 
sequence  of  flash  radiographs  taken  at  different  times  after  the  arrival  of  detonauon  at  the  tip  of  tlie 
conical  liner  and  X-ray  flash  exposure. 

One  can  clearly  see  the  copper  liner  being  accelerated  towards  the  axis  and  collapsing  into  a  lump 
spread  out  along  the  axis.  From  this  lump  emerges  a  "shaped  charge  jet"  made  up  of  some  10  to  20% 
of  the  mass  of  the  liner,  attaining  tip  velocity  of  over  9000  m/s  with  copper  as  a  liner  material.  The 
remainder  of  the  lump,  which  constitutes  the  balance  of  the  mass  of  the  liner,  and  which  is  termed  the 
"slug,"  has  a  velocity  of  the  order  of  300  to  1000  m/s.  This  means  that  there  is  a  gradient  in  velocity 
from  the  tip  of  the  jet  to  the  slug,  and  this  gradient  leads  to  a  continuous  lengthening  of  the  jet  in 
flight. 

The  three  shaped  charge  phenomena  mentioned  above  can  be  explained  with  the  aid  of  this  flash 
X-ray  sequence  (Fig  107): 

concentration  effect  by  the  acceleration  of  the  liner  towards  the  axis  and  the  resulting 
formation  of  the  high-velocity  jet, 

-  long-lasting  action  through  the  long  jet  (in  effect  a  long  projectile)  interacting  with  the  target 
for  an  extended  period  of  time, 

-  greater  effect  at  longer  stand-off  distance,  where  the  jet  has  become  longer  under  the  influence 
of  its  own  velocity  gradient. 

Unfortunately,  the  copper  jet  does  not  lengthen  indefinitely,  but  will  break  up  into  particles  after  a 
certain  time,  or  within  a  certain  interval  of  lime,  depending  on  the  liner-materiaJ  and  on  several  other, 
but  less  important  parameters  (Fig.  108).  The  shaped  charge  jet  is  then  called  a  "particulated"  jet. 

Before  this  breakup,  copper-like  materials  undergo  an  elongation  more  than  1000%.  This  is  a 
phenomenon  that  has  not  been  explained  up  to  now:  why  does  copper,  which  in  static  tests  gives  an 
elongation  of  not  more  than  80%,  undergo  elongations  that  are  10  to  15  times  greater,  under 
conditions  of  such  extreme  mechanical  loading? 
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Fig  107.  Flash  X-Ray  Pictures  of  Jet  Fonnation,  Which  Show  the 
Concentration  Effect  and  Formation  of  a  Long  Jet  at  Longer  Distances. 


Fig.  108.  The  Stretching,  Initially  Continuous  Jet, 

Particulates  Only  Once. 

Particulation  occurs  only  once.  Thereafter,  the  length  of  the  jclur,  more  precisely,  the  sunt  of  the 
lengths  of  the  individual  jet  particles  remains  constant.  From  particulation  onwards,  the  depth  of 
penetration  of  the  shaped  charge  jet  should  actually  remain  unchanged,  to  a  first  approximation. 
However,  aligning  the  shaped  charge  jet  precisely  along  the  charge  axis  is  one  difficulty,  and  further 
problems  are  the  tumbling  and  transverse  drift  effects  caused  by  shear  fracture  during  the 
particulation,  which  cause  the  jet,  or  the  jet  particles,  to  deviate  from  the  axis.  And  as  the  distance 
from  the  shaped  charge  to  the  target  increases,  these  angular  deviations  lead  to  even  greater  transverse 
deviations  that  will  cause  the  jet  or  its  particles  to  hit  the  walls  of  the  hole  being  generated,  if  the  hole 
diameter  is  small.  With  die  high  impact  velocities  involved,  the  jet  portions  or  particles  concerned  will 
become  pulverized  on  impact  and  will  therefore  no  longer  contribute  to  an  increase  in  penetration. 

This  explains  the  ever  decreasing  penetration  performance  as  the  stand-off  distance  increases  beyond 
the  optimum  value. 

When  a  continuous  and  still-coherent  shaped  charge  jet  hits  a  target  plate,  the  stagnation  pressure 
produced  as  a  result  of  the  velocities  of  several  1000  m/s  will  be  of  the  order  of  more  than  100  GPa. 
or  1  Mbar,  or  10.000  Kp/mm2.  Such  a  pressure  by  far  exceeds  the  strength  of  even  the  toughest, 
armor  steel.  An  impression  of  the  penetration  of  a  continuous  and  coherent  shaped  charge  jet  into  a 
DURAL  block  can  be  gathered  from  Fig.  109.  Particular  mention  should  be  made  of  the  narrow  hole 
through  which  the  jet  roust  pass  without  touching  the  walls  in  order  to  be  able  to  convert  its  energy 
into  further  penetration. 

A  particulated  shaped  charge  jet  can  also  have  a  good  penetration  performance  into  a  target,  if  the 
particles  are  well-aligned,  so  dial  they  will  all  arrive  at  the  crater  beaten  (Fig.  1 10).  In  this  case,  each 
individual  jet  particle  makes  its  own  bubble-shaped  hole. 

The  jet  parameters,  eg,  jet  tip  velocity,  mass,  particulation  time,  diameter,  etc.,  depends  on  a  lot 
of  design  rules  and  cannot  be  described  here.  Generally  mass,  particulation  time  and  diameter  of  a  jet 
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is  a  linear  function  of  shaped  charge  diameter  and  the  tip  velocity  which  is  strongly  correlated  with  the 
liner  angle  (Fig  111). 


Fig.  109  Continuous  Copper  Jet  Penetrating  Into  a  DL'RAL  Block. 


Fig.  1 10.  The  Individual  Panicles  of  a  Jet  Produce  Individual  Bubbles  in 
the  DURAL  Target. 


Fig.  111.  Jet  and  Slug  Formation  of  Shaped  Charges  with 
Different  Liner  Angles 

The  differences  in  design  between  rotaiiortal  symmetric  hollow  charges  (RSC)  and  linear  shaped 
charges  (1.SC)  and  planar  symmetric  hollow  charges  (PSC)  with  cutting  performance  are  shown  in 
Fig.  1 12. 

In  the  "rotational  symmetric  hollow  charge  (RSC)"  a  rotational  symmetric  liner  is  positioned 
coaxially  to  the  axis  of  the  high  explosive  charge  and  the  initiation  takes  place  exactly  in  the  axis 
opposite  to  the  liner. 
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Fig  1 1 2.  Typical  Shaped  Charges  and  Their  Jet  Forms. 

In  the  '  linear  shaped  charge  CLSC)"  a  prismatic  liner  is  inserted  in  the  cavity  of  the  high  explosive 
charge.  The  initiation  can  cither  take  place  at  the  front  end  of  the  charge  or  in  the  middle  of  it.  The 
liner  itself  can  be  formed  semi-circular  or  as  circular  arc.  or  it  can  he  roof  shaped  with  a  smaller  or 
larger  angle. 

In  the  "planar  symmetric  hollow  charge  (PSC)"  the  rotational  symmetry  is  modified  for  example 
by  eccentric  initiation  or  by  planar  symmetric  confinement,  etc. 

At  the  detonation  of  the  high  explosive  the  liner  of  the  linear  shaped  charge  is  accelerated  towards 
the  plane  of  symmetry  whereby  it  is  transformed  along  the  collapse  line  into  a  jet  and  a  slug.  The 
velocity  of  the  jet  tip  is  2000  m/s-3000  m/s  at  cutting  charges  with  a  liner  angle  of  about  90°  The 
slug  velocity  is  200  m/s-500  m/s.  As  a  result  of  the  velocity  gradient  the  "cutting  edge "  is  more  and 
more  extended,  the  greater  the  distance  from  its  origin.  Consequently,  the  initially  continuous  jet  will 
break  up  in  the  direction  of  flight  and  small  "rods"  are  formed. 

Because  of  the  tw  o  confinements  at  planar  symmetric  hollow  charges  the  duration  of  the  shock 
wave  pressure  is  longer  on  the  corresponding  liner  elements  and  therefore  these  liner  elements  are 
accelerated  to  higher  velocity  towards  the  axis,  so  that  the  jet  is  directed  planar  symmetrically  towards 
the  two  unconfined  sides  and  spreads  out  planar  symmetrically. 

5.7.3.  Hvdrodvnamic  Theory  of  Shaped  Charee  Jet  Penetration 

5.7.3. 1.  Constant  Velocity  of  a  Projectile,  or  Jet 

To  simplify  matters,  let  us  say  as  i  first  assumption  that  no  lengthening  or  elongation  of  the  jet 
occurs.  Tliis  means  that  there  is  a  projectile  with  given  length  L,  which  hits  the  target  with  high 
velocity  (Fig.  113,  bottom).  Furthermore,  purely  hydrodynamic  penetration  will  be  assumed,  i.e.  the 
mechanical  strength  of  both  the  projectile  (jet)  and  tlx  target  material  can  be  completely  neglected. 
Because  of  the  high  stagnation  pressure  occurring  at  the  high  velocities  involved,  this  simplification  is 
certainly  valid  to  a  first  approximation,  because  experimental  evidence  from  cratering  measurements 
are  in  good  agreement  with  theoretical  predictions  based  on  this  simplification.  The  projectile,  or 
shaped  charge  jet,  which  penetrates  into  the  target  materia!  with  high  velocity,  is  itself  eroded  in  this 
process  from  it  tip  (Fig.  1 13.  middle). 


Fig.  113.  Hydrodynamic  Penetration  of  a  Projectile  or  Nonstretching  Jet. 
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In  a  laboratory  system  of  coordinates,  this  is  actually  an  unsteady  process,  but  it  can  be  made 
"steady"  from  the  point  of  vie'*  of  the  stagnation  point,  or  from  the  crater  bottom,  by  means  of  a 
Galilei  transformation  In  this  case,  target  material  of  density  pp  is  flowing  with  the  crater  bottom 
velocity,  u,  towards  the  stagnation  point.  The  projectile,  or  the  jet,  with  density  pj  flows  also  towards 
this  stagnation  point  with  the  difference  between  jet  velocity,  v;,  and  the  crater  bottom  velocity,  u,  i.e. 
with  vj  -  u  (Fig.  11 3,  middle). 

The  stagnation  pressure,  p,  which  must  be  the  same  few  the  projectile,  or  jet,  and  the  target 
material,  can  be  calculated  from  the  Bernoulli  equation: 

P  =  1/2  •  ^  •  (vj  -  u)2  =  1/2  •  pT  •  u*  (5.25) 

Rearrangement  of  this  equation  leads  to  the  crater  bottom  velocity 


For  the  special  case  that  the  jet  and  targe!  materials  have  identical  densities,  the  crateT  bottom 
velocity,  u,  half  the  impact  velocity,  vj. 

With  the  jet  velocity  Vj  assumed  to  remain  constant  during  penetration  and,  hcnct,  also  the  crater 
bottom  velocity  u  remaining  constant,  the  depth  of  penetration  P  can  be  calculated  from  the  length  L  of 
the  projectile  or  of  the  jet.  The  time  t  required  for  complete  erosion,  i.e.  until  the  projectile  or  jet  with 
length  L  has  been  completely  consumed,  can  be  equated  to  the  time  when  maximum  depth  P  of  the 
crater  has  been  reached.  Hence. 


(5.27) 


Rearranging  Eq.  (5.1 1)  and  replacing  the  velocities  by  the  densities  from  Eq. (5.17)  leads  to  the 
following  relation: 


P 


—  “LVPj/Pt 


(5.28) 


This  is  very  well  known  and  frequently  used  formula  for  hydrodynamic  penetration,  representing 
the  depth  of  penetration  as  the  product  of  length  of  the  projectile,  or  of  the  jet,  multiplied  by  the  square 
root  of  the  ratio  of  projectile  or  jet  density  and  the  density  of  the  target  material.  The  impact  velocity 
has  no  effect  on  the  hydrodynamic  penetration  depth.  However,  Eq.  (5.28)  was  derived  under 
grossly  simplifying  assumptions,  such  as  the  absence  of  velocity  gradient  and,  thus,  a  constant  length 
of  the  jet;  therefore,  its  predictions  for  the  depth  of  penetration  of  shaped  charge  jets  are  not  very 
accurate  in  practice,  but  it  is  very  useful  and  illustrative  for  qualitative  considerations. 


According  to  Eq.  (5.28),  the  depth  of  penetration  Pi  into  a  given  target  having  density  ppx  would 
differ  from  the  penetration  Ps  in  a  standard  target,  say,  steel  with  density  pjS.  as  the  ratio 


if  die  charge  parameters,  i.e.  the  length  L  and  the  density  rj  of  the  jet,  were  to  remain  unchanged. 

With  the  density  pj-s  set  equal  to  that  of  steel,  i.e.  7.85  g/cm3.  the  above  formula  would  predict 
penetrations  that  are  higher  by  a  factor  of  1 .7  in  Aluminum  (density  2.75  g/cm3)  and  by  a  factor  of  2. 1 
in  propellant  (density  1.7  g/cm3)  than  the  penetration  in  steel.  However,  the  values  observed  in 
practice  arc  different  than  these,  confirming  the  above  reservations. 


In  order  to  keep  the  derivation  of  the  formulae  below  to  a  level  that  is  readily  understood,  we 
shall,  for  simplicity,  assume  that  the  jet  is  generated  at  an  instant  in  time  and  at  one  definite  location, 
specifically  at  its  "virtual  origin."  The  distance  from  this  virtual  origin  to  the  target  will  be  denoted  by 
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Zq,  and  this  distance  differs  slightly  from  the  stand-off  distance  in  that  the  latter  is  measured  from  the 
shaped  charge  base  (Fig.  1 14).  Furthermore,  the  jet  which  at  first  is  continuous  and  which  stretches 
under  the  influence  of  the  velocity  gradient,  wiil-aiso  for  simplicity-bc  assumed  to  break  up  into 
particles  at  an  instant  in  time  tp  which  is  called  the  paniculation  time  and  which  is  determined 
experimentally. 


Fig.  114.  The  Three  Different  Cases  for  Penetrating  Shaped  Charge  Jets. 

Three  different  cases  have  to  be  distinguished  in  the  formation  of  a  crater  by  a  shaped  charge  jet 
(Fig.  1 14): 

Case  1 :  Cratering  by  a  continuous,  stretching  shaped  charge  jet,  which  in  practice  implies  a  very 
short  staiid-off  distance. 

Case  2:  Cratering  by  a  continuous,  stretching  shaped  charge  jet  at  first,  and  then  cratering 
continued  by  the  particulaled  shaped  charge  jet.  This  is  certainly  die  case  most 
frcqucndy  encountered  in  practice. 

Case  3:  Cratering  solely  by  a  paniculated  shaped  charge  jet,  which  implies  a  long  stand-off 
distance  from  the  shaped  charge  to  the  target 

dt  =  diameter  of  jet  at  time  t 

dp  =  diameter  of  particulaied  jet 

P  =  depth  of  penetration 

T  =  plate  thickness  in  the  direction  of  perforation 
t  =  time 

tq  =  time  for  the  jet  tip  from  the  virtual  origin  to  the  target  (to  =  Zo/vjro) 

tp  «*  particulauon  time  from  the  virtual  origin  to  the  parriculation  of  the  shaped  charge  jet 

vj,0  =■  jet  tip  velocity 

v,  mir.  =  velocity  of  efficient  residual  jet 

Vo  =  distance  of  target  to  the  virtual  origin 

1  -  V  pyp.,  with  pp  and  pi  denoting  the  densities  of  die  target  and  of  the  jet, 

respect!  vel> 

The  associated  formulas  for  cratering  P(t)  as  a  function  of  litre  are: 


Case  !:  P(t)  =  Zq  {(t/lo)'*1  *  I'M  1 

(5.30) 

Case  2:  P(t)  =  Zoi(l  «-  y)  OpAo)ml  *  'VOp  +  yt)  - 1 1 

(5.31) 

Case  3:  P(t)  =  Z,j  (t/to  -  1)  tp/tp  +  ft) 

(5.32) 

The  achievable  penetration  as  a  function  of  the  minimum  jet  velocity  Vjjnjn  is  essential  for 
quantitative  statements.  The  corresponding  formulas  are  obtained  by  tiiminaung  the  variable  time 
from  Eqs.  (5.30-5.32)  as 

t  =  (P  +  Zo)/Vj^nin 

(5.33) 

and  then  rearranging: 
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Casel:  P(v- =  {  Z0  1Ar  -  1 ) 

j.tnirt 

Case  2:  P(vj>min)  =  f(l  +  7)(vjOtp)'«'^ . Z,-,W'+« 

*  vj,min  •  Ipl/Y'^O 

Case  3:  P(vj,mi„)  =  (vp  -  *jmn)  ■  tp/y 
5-7. 3. 3.  Residual  Jet  Tip  Velocity  and  Diameter  of  Jet 

The  threshold  for  a  reaction  or  the  initiation  in  an  energetic  material  protected  by  a  plate  is 
correlated  with  the  residual  jet  velocity  after  the  perforation  of  a  plate  of  line  of  sight  thickness  T  and 
the  jet  diameter  Dj. 

The  residual  jet  velocity  Vj  after  a  perforation  of  a  plate  of  thickness  T  can  be  calculated  with  the 
following  equations.  For  this  P(vj.mm)  is  to  replace  by  T  and  Vj,mm  by  the  residual  jet  velocity  v_j  in 
the  equations  (5.34  through  5  36)  and  then  rearranging 

Case  1:  vj  =  vJo!Z0fZo  +  T))Y  (5.37) 

Case  2:  Vj  *=  |(1  +  y)(Vj0  +  tp)  ^1  +  ^Zo^1  *  r) .  y<Zo  +  T)|/tp  (5.38) 

Case  3:  vj  =  Vjo  -  YT/tp  (5.39) 

The  diameter  of  the  continuous  jet  can  be  predicted  with  the  following  equations,  if  direct 
measurements  are  not  available.  As  soon  as  the  jet  has  broken  tip.  it  no  longer  stretches  and,  hence, 
its  diameter  dp  does  no  longer  change.  All  that  changes  is  the  distance  between  the  individual  par  ticles 
owing  to  their  different  velocities. 

Let  us  consider  the  jet  length  1,  to  the  time  t,  whereby  the  time  tj  is  shorter  than  the  particulation 
time  tp.  Further  the  jet  has  the  diameter  dp  during  (or  after  particulation),  also  on  the  time  Ip.  The 
mass  of  ihe  jet  is  given  under  these  two  time  conditions  to 


(5.34) 

(5.35) 

(5.36) 


di2**  ,  dp-re 
V  =  p, - - —  ♦  1,  =  Pp—Ere —  •  lp 


(5.40) 


For  constant  jet  densities  to  the  time  t  and  tp,  lvq.  (5.40)  can  be  written 

d!2  =  dp2-liA  (5.41) 

The  length  of  the  jet  -  or  jet  element  -  for  equal  considered  jet  velocity  is  given  for  the  two  times  to 
Ji  =  vj’t,  respective  lp=VjMp  (5.42) 


This  gives 


1/.  =  V» 


(5.43) 


Equation  (5.43)  can  be  introduced  in  Eq.  (5.41) 

d,  =  dpVt/  (5  44) 

This  will  give  a  first  and  normally  adequate  approximation  for  determining  the  jet  diameter  as  a 
function  of  distance  for  the  continuous  jet,  if  direct  measured  results  arc  not  available. 

5.7.4  Initiation  bv  Shaped  Chares  to 

5. 7,4.1.  History 

The  reaction  of  high  explosive  charges  to  shaped  charge  jet  attack  has  been  investigated  for  a  long 
tin*.  But  the  number  of  open  literature  published  papers  is  rather  limited. 
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In  1945,  workers  (Armament  Research  Department)  in  the  UK  reported  on  using  flash 
radiography  to  study  the  initiation  of  bare  tetryl  pellets  by  a  metal  jet  generated  by  a  shaped  charge. 

The  study  showed  that  the  jet  initiated  the  explosive  long  before  the  arrival  of  the  slow  moving  slug. 

It  was  difficult  to  find  the  origin  of  the  detonation.  It  was  reported  that  initiation  occurred  after  an 
estimated  5  mm  penetration  of  the  tetryl  by  the  jet.  It  was  also  reported  that  detonation  of  the  tetryl 
was  capable  of  disturbing  or  destroying  the  head  of  the  jet,  and  that  in  no  case  was  the  jet  seen  to 
emerge  beyond  the  pellet. 

In  1955,  Zemow  et  all.  using  42-mm  and  105  mm  diameter  shaped  charge  undertook  a 
preliminary  investigation  into  the  jet  initiation  of  Composition  B  charges  of  different  lengths  either 
bare  or  with  various  thicknesses  of  steel  cover  plates  and/or  with  side  confinement.  The  study 
concluded  that  the  coverplate  thickness,  explosive  charge  lengths,  and  degree  of  confinement  affected 
the  jet  initiation  of  explosives.  Photography  of  the  exterior  of  the  charge  indicated  that  as  steel  cover 
plate  thickness  was  increased  the  onset  of  detonation  occurred  further  down  the  charge.  The  limited 
nature  of  the  investigation  did  not  allow  this  observation  to  be  explained.  Interpretation  of  the  results 
was  complicated  by  the  spread  of  results  obtained  for  a  given  cover  plate  thickness  and  length  of 
explosive. 

In  1 968,  Held  reported  the  initiation  of  bare  high  explosive  charges  by  jets  from  shaped  charges  of 
22  mm,  32  mm,  64  nun,  and  96  nun  diameter.  The  charges  were  fired  from  a  50  mm  standoff 
through  a  steel  barrier  to  produce  jets  of  varying  exit  velocities.  Prior  to  hitting  the  high  explosive 
charges  the  jets  became  particulated  and  the  length,  diameter,  and  velocities  of  the  jet  particles  were 
measured  using  flash  radiography.  The  critical  velocity  to  detonate  bare  high  explosive  charges  of  the 
composition  TNT/RDX  35/65  were  determined  for  the  various  diameter  shaped  charges.  It  was  found 
that  the  critical  velocity  v  of  the  jet  panicles  was  related  to  the  jet  diameter  d  by  the  relationship 
v2d  =  constant,  where  the  constant  was  5.81  mmVps2  for  the  tested  charges.  Held  (1983b)  has 
shown  that  the  v^d -criterion  for  detonation  has  been  generally  confirmed  in  other  work  on  blunt- 
projectile  and  flying  foil  impact  tests  against  various  high  explosives. 

In  1981,  Mader  and  Pimbley  repotted  work  by  Campbell  using  bare  PBX-9404  and  PBX-9502. 
The  results  supported  Held's  v^d -critical  initiation  criterion  for  p articulated  jets.  Mader  modeled  the 
process  numerically  by  treating  the  jet  as  a  solid  cylinder  of  metal  impacting  the  bare  explosive.  The 
result  showed  that  either  detonation  occurred  promptly  or  the  charge  failed  to  detonate.  For  a 
detonation  to  occur  the  jet  was  required  to  produce  a  shock  of  sufficient  magnitude  and  duration. 

Mader  (1968)  nicely  summarized  recent  advances  in  numerical  modeling  of  jet  initiation  and 
penetration  of  explosives  as  follows: 

"The  two-dimensional  Eulerian  hydrodynamic  code  2  DE,  with  the  shock  initiation  of 
heterogeneous  explosive  bum  model  called  Forest  Fire,  Mader  has  used  to  model  numerically 
the  interaction  of  jets  of  steel,  copper,  tantalum,  aluminum,  and  water  with  steel,  water,  and 
explosive  targets.  The  2  DE  code  and  the  Forest  Fire  Heterogeneous  explosive  bunt  model 
are  described  in  Mader  ( 1978), 

From  the  numerical  modeling  studies,  it  was  concluded 

(a)  For  engineering  purposes,  the  initial  jet  penetration  velocity  into  an  inert  substance 
can  be  estimated,  using  the  shock  impedance  relationship  Vj/u  =  1  +  p1-UT/pjUj 
and  p  -  PjUj  •  u.  Final  penetration  velocity  can  be  estimated,  using  Bernoulli's 

theorem  (vj/u  =  1  +  V  p^/pj )  ■  7710  interface  pressure,  p,  at  the  jet  tip  is 
estimated  using  p  =  1/2  ■  pr  •  u2. 

(b)  The  calculated  penetration  velocity  into  explosives  dial  are  initiated  by  low-velocity 
jets  is  significandy  less  than  for  nonreactivc  solids  of  the  same  density.  Reaction 
products  near  the  jet  tip  have  a  higher  pressure  than  in  inert  materials  of  the  same 
density,  and  thus  impede  the  jet  penetration.  The  effect  is  less  important  as  the  jet 
velocities  increase.  Thus  when  the  target  is  a  high  explosive,  the  Bernoulli 
equation  needs  an  additional  term,  p*.  [l/2pj(vj  -  u)2  =  l/2ptu2  +  p*],.  where  p* 
is  approximately  4.0  GPa  for  the  explosives  studied. 

(c)  The  critical  jet  or  projectile  velocity  for  initiating  propagating  detonation  can  be 
estimated  using  projectile  diameter  and  the  Held  (1968)  critical  v2d  expression 
where  v  is  jet  velocity  and  d  is  jet  diameter.  In  PBX  9502,  the  jets  initiate  an 
overdriven  detonation  smaller  than  the  critical  diameter  while  the  overdriven 
detonation  decays  to  the  C-J  state.  In  PBX  9404,  the  jet  initiates  a  detonation  that 
propagates  only  if  it  is  maintained  by  the  )et  for  an  interval  sufficient  to  establish  a 
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stable  curved  detonation  front.  A  critical  expression  independent  of  the  projectile 
materia)  is  pv^d,  where  p  is  the  projectile  density. 

(d)  The  above  methods  are  approximate,  if  jet  or  projectile  velocity  is  not  substantially 
constant,  or  if  the  projectile  length  is  not  much  greater  than  the  diameter,  numerical 
calculations  will  be  necessary.  The  Held  criterion  may  be  useful  even  when  the 
projectile  length  is  the  same  as  the  diameter. 

(e)  A  jet  with  a  penetration  velocity  greater  than'  the  C-J  detonation  velocity  of  the 
target  explosive  gives  an  overdriven  detonation  wave  proceeding  ahead  of  the  jet 
with  a  velocity  near  that  of  the  jet. 

(f>  If  the  jet  diameter  and  velocity  histories  are  known,  all  the  experimentally  observed 
jet  penetration  behavior  of  metals  or  explosives  can  be  modeled  numerically.  Also, 
if  the  jet  or  projectile  length  is  known,  the  penetration  depth  and  hole  diameter  may 

be  calculated." 

Chick  ar.d  Halt  (1981a,  1981b,  and  1983)  using  x-ray  flash  radiography  have  reported  the 
initiation  of  covered,  but  otherwise  unconfined,  high  explosive  charges  by  means  of  a  jet  of  a  38  mm 
shaped  charge,  the  high  explosive  being  in  direct  contact  with  the  cover  material  in  some  of  the 
experiments,  but  wilh  a  15  mm  air  gap  in  others.  It  was  found  that  a  TNT/RDX/Wax  44/55/1  charge 
immediately  in  contact  with  the  barrier,  or  cover  material,  would  be  initiated  by  a  shaped  charge  jet  if 
the  barrier  thickness  did  not  exceed  a  limit  of  63.5  mm.  Surprisingly  enough,  with  a  15  mm  air  gap 
between  the  charge  and  the  cover  plate,  initiation  was  observed  even  wilh  a  cover  thickness  of 
89  mm- 102  mm.  This  nutans  dial  a  high  explosive,  which  is  in  contact  with  the  barrier,  requires  a 
higher  jet  velocity  for  initiation  than  one  with  an  air  gap.  Chick  and  Hatt  suggested  that  this  was  due 
to  the  high  explosive  charge  in  contact  wnh  the  barrier  being  compressed  by  a  shock  wave  preceding 
the  ciatering  process  rendering  it  less  sensitive  because  of  its  higher  density  and/or  the  smaller  number 
of  hot  spots  resulting  from  this  precompression.  More  recently  doubt  has  been  expressed  regarding 
the  original  explanation  of  a  desensitizing  by  a  precursor  shock  wave.  These  follow  tests  (Chick  and 
MacIntyre,  1985)  with  different  bamers,  viz.  aluminum  and  acrylic  glass  instead  of  steel  only,  as  well 
as  sttet/acrylic  glass  combinations,  and  spaced  acceptor  charges  or  air  gaps  in  the  charges.  The 
results  of  these  studies  indicate  that  a  substantial  reaction  in  a  bow  wave  will  not  insignificantly  affect 
the  initiabi  Hty  of  the  acceptor  charges.  The  v^l-criterion  for  attack  on  bare  charges  was  also 
confirmed  with  jets  of  38  mm  and  81  mm  shaped  charges  (Chick  et  al,  1986a)  or  replaced  for  the 
covered  acceptor  charges  with  u^i,  where  u  is  the  crater  velocity.  Critical  steel  cover  thickness  and 
critical  jet  velocities  for  creamed  and  pressed  TNT,  Composition  B,  H-6,  and  pressed  tetryl  were  also 
measured.  A  summary  of  the  Australian  jet  initiation  mechanisms  for  covered,  but  unconfined  high 
explosive  charges  is  given  by  Chick  et  al  (1986b)  as  follows: 

"When  the  jet  hits  the  surface  of  the  cover  a  large  impact  shock  is  produced.  The  impact 
shock  propagates-  through  tlie  cover  ahead  of  the  jet  but  decays  very  rapidly.  The  penetrating 
jet  sets  up  a  tow  wave  that  overtakes  the  impact  within  a  few  jet  diameters  of  the  cover 
surface.  The  characteristics  of  the  tow  wave  are  independent  on  the  properties  of  the  jet  and 
the  host  material.  The  jet  and  its  bow  wave  continue  steady  penetration  towards  the 
cover/expiosive  interface.  After  passing  through  the  interface  either  the  decaying  impact  shock 
or  the  bow  wave  can  alter  the  slate  of  the  explosive  so  that  it  is  desensitized  to  the  following 
jet.  The  stagnation  pressure  at  the  jet  lip  in  the  explosive  is  several  times  the  magnitude  of  the 
bow  wave  pressure.  It  can  also  be  several  times  the  magnitude  of  the  critical  initiation 
pressure  v-itho  a  detonation  occurring.  Thus  bow  wave  desensitization  is  a  major  effect. 

When  the  jet  penetrates  the  explosive  a  new  bow  wave  is  set  up  Reaction  occurs  within  the 
thickness  of  the  bow  wave  and  it:  sufficiently  strong  bow  wave  builds  up  to  detonation. 

I9epr.ni  ung  on  the  velocity  of  the  jet  and  the  cover  thickness  several  types  of  events  are 

g.  ws.ble: 

(a)  For  very  thin  cos  ers  and  high  jet  velocities  the  impact  shock  can  cause  detonation. 

This  occurs  within  a  few  millimeters  of  the  explosive  surface  and  before  the  arrival 
of  the  jet. 

(b)  If  the  cover  is  more  than  a  few  jet  diameters  thick  then  the  impact  shock  is 
attenuated  before  it  reaches  the  explosive  and  the  bow  wave  from  the  jet  penetrating 
the  explosive  becomes  the  dominating  mechanism  for  initiation.  Strong  bow 
waves  will  cause  detonation  within  a  few  millimeters  of  the  explosive  surface. 

(c)  As  die  jet  velocity  decreases  with  increasing  cover  thickness,  the  strength  of  die 
bow  wave  in  the  explosive  decreases  and  the  run  distance  and  rime  to  detonation 
increases.  Thus  near  the  critical  condition,  detonation  in  Composition  B  can  take 
1 1  ns  and  40  mm  for  initiation  by  the  38  mm  diameter  shaped  charge  jet 


(d)  For  bow  waves  below  the  critical  condition  the  explosive  fails:  the  jet  penetrates 
through  the  explosive  with  the  bow  wave  causing  disruption  and/or  reaction. 

(e)  Jet  bow  waves  reflected  back  into  the  explosive  from  a  steel  surface  at  the  far  end 
of  short  test  samples  can  cause  detonation.  This  has  been  observed  near  the  critical 
jet  initiation  condition  with  explosive  samples  of  up  to  50  mm  long  for  jels  from 
the  38  mm  charge  and  with  samples  up  to  100  mm  long  for  jets  from  an  81  mm 
shaped  charge.  This  must  be  considered  as  a  potential  mechanism  for  initiation  in 
munition  systems,  at  least  in  smaller  geometries  with  heavy  confinement  near  the 
jet  initiation  threshold. 

For  covered  explosives  the  studies  have  never  observed  initiation  occurring 
directly  at  the  jet  tip;  it  has  always  occurred  in  the  shock  ahead  of  the  jet  or  not  at 
all.  All  of  these  mechanisms  are  a  mode  of  shock  initiation." 


Vigil  (1985)  has  also  performed  initiation  tests  with  very  small  shaped  charges  (1.73  mm  to 
3.46  mm  cone  diameter)  against  a  great  number  of  acceptor  charges,  and  confirmed  the  v^d-criterion. 

Held  (1987a,  1937b,  and  1987c)  has  reproduced  the  tests  made  by  Chick  and  Halt  (1981a, 

1981b,  1983)  and  Chick  and  MacIntyre  (1985)  with  similar  size  shaped  charges  and  with  acceptor 
high  explosive  charges  having  a  similar  geometry  and  sensitiveness.  However,  this  lime  the 
diagnostic  instrument  was  not  X-ray  flash  radiography,  bdt  a  simultaneous  framing  and  streak 
recording  rotating  mirror  camera,  To  demonstrate  the  different  effects  the  air  gaps  betw  een  the  barrier 
and  the  high  explosive  charge  were  varied  and  the  barriers  and/or  the  acceptor  chargers  were  spaced 
and/or  interrupted  by  air  gaps.  These  investigations  lead  to  modified  explanations  of  the  phenomena 
reported  by  Chick  el  al  (1986a  and  1986b)  as  reproduced  above. 


5. 7.4.2. 


The  test  set-up  for  the  measurement  at  the  initiabiiity  of  an  unconfmed  high  explosive  charge, 
covered  by  a  steel  block  either  in  direct  contact  with  the  explosive  or  with  a  given  air  gap  between,  anil 
the  impact  of  a  penetration  shaped  charge  jet  is  shown  in  Fig.  1 15  (Held.  1987a).  Tliese  types  of  tests 
with  unconfined  charges  are  solely  to  establish  the  threshold  between  a  "reaction"  and  a  "detonation" 
of  the  acceptor  charge,  the  so-called  "initiabiiity"  by  a  shaped  charge  jet, 


b*rr>er  Slrcak-Siit 

(MH«J  Tprdri  -Mcd  530 


Fig.  1 15.  Experimen  tal  Set-Up  of  Shaped  Charge.  Barrier,  and  Unconfined  High 
Explosive  Charge,  in  Contact  With  the  Banier  or  With  a  1 5  mm  Air  Gap  Between. 


'Hie  experimental  results  regarding  the  build-up  distances,  As,  the  run-up  times,  At.  and  die 
initiation  times,  tj,  for  these  two  different  arrangements  of  the  barrier  relative  to  the  acceptor  charge,  as 
a  function  of  the  residual  jet  tip  velocity  after  the  banier  are  summarized  in  Fig.  1 16  for  the  acceptor 
charge  in  direct  contact  with  the  hairier,  and  Fig.  1 17  for  a  1 5  nun  air  gap  between  die  acceptor 
charge  and  the  steel  barrier  (Held,  1987c).  Chick  and  Halt  (1981a,  b,  c)  also  have  roughly 
determined,  with  the  aid  of  radiographs,  the  build  up  distances  and  delay  times  for  the  initiation  of 
Composition  B  as  a  function  of  cover  piate  thickness.  The  build-up  distances  Ds  and/or  the  run-up 
times  ti  of  the  tests  with  the  charges  in  contact  with  the  barrier  (only  for  these  were  data  from  Chick 
and  Halt  available)  are  in  fairly  good  agreement.  Initiation  time,  t,,  is  defined  from  measured  run-up 
time  Dt  minus  the  time  to,  which  is  necessary  for  the  detonation  wave  to  propagate  from  the  axis  to 
the  surface  of  the  charge  (to  =  R/D  where  R  =  radius  and  D  =  detonation  velocity  of  the  acceptor 
charge). 

The  high  explosive  charge  directly  in  contact  with  the  banier  is  less  easily  initiated  than  the  one 
with  an  air  gap  between.  The  reasons  for  this  are: 
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The  acceptor  charge  is  being  preshocked  by  preceding  waves  (in  the  author’s  opinion  this  is 
only  of  minor  importance,  because  these  shock  waves  are  comparatively  weak). 


the  high  explosive  is  precompressed  by  the  hairier  plate's  bulging  as  the  shaped  charge  jet 
perforates  it 

relatively  slow  loading  of  the  test  charge  generated  by  the  bulging  target  plate  and  by  the 
pressure  of  the  cratering  jet  and  there  is  no  such  high,  one-dimensional  pressure  as  in  the 
case  of  a  free  jet 

the  high  explosive  charge  in  contact  with  the  barrier  is  exposed  in  a  smaller  area  than  the 
charge  with  an  air  gap  between,  because  the  emerging  shaped  charge  jet  forms  a  iarge-area 
spray  of  fragments. 


Fig.  116.  Build-up  distances  as,  run-up 
times  at,  and  initiation  times  tj  as  functions 
of  the  residual  jet  velocity  vj.  for  the 
arrangement  with  the  high  explosive 
charge  in  contact  with  the  barrier. 


Fig.  117.  Build-up  distances  As,  run-tip 
times  At,  and  initiation  times  t,  as  functions 
of  die  residual  jet  velocity  vj,  for  the  arrange 
mem  with  a  15-mm  air  gap  between  the 
high  explosive  charge  and  the  barrier. 


The  three  listed  effects  appear  to  be  responsible  for  the  differences  in  mutability  of  a  covered  and 
an  uncoveted  acceptor  charge,  However,  the  test  set-up  and  the  sensitivity  of  the  acceptor  charge 
might  also  play  a  critical  role  as  to  which  of  these  three  effects  will  be  more  or  less  dominant. 


The  diameters  of  uie  particles  of  a  shaped  charge  jet  that  had  already  broken  up  into  particles  were 
analyzed  in  detail  using  an  orthugonal-synchro-streak  record  (Fig.  1 1 8),  The  diameter  of  the 
continuous  jet  in  relation  to  its  velocity  was  calculated  from  this  diagram  by  means  of  the  following 
formula: 


dj  =  dp(tp/tj)0-5  (5.45) 

where  dj  is  the  diameter  of  the  jet  in  the  velocity  range  vj  at  time  tj,  dp  is  the  diameter  of  the 
particulated  jet  with  velocity  Vj,  tp  is  the  time  of  particulalion,  anti  tj  is  the  time  required  to  pass  actoss 
the  barrier. 
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The  value  of  dp  is  measured,  vj  and  Ij  were  calculated  for  the  given  barriers  and  hence  are  known, 
so  dj  can  be  calculated  from  these  quantities. 


In  Fig.  119  a  representation  is  given  of  the  build  up  distance,  As,  of  the  measured  delay  time,  At. 

2 

and  of  the  initiation  time,  t,,  as  a  function  of  Vjdj  for  the  given  acceptor  charge  in  contact  with  the 
barrier,  and  in  Fig.  120  this  is  shown  for  the  acceptor  charge  at  an  air  gap  of  15  mm  behind  the 
barrier. 


Surprisingly,  such  a  log-log  representation  gives  a  straight  line  in  first  approximation,  and  Ds  and 
t;  can  be  written  as  follows  for  the  case  of  the  high  explosive  charge  in  contact  (Fig.  1 19. 


As  =  160  x  10S  (vjd^  ' 
t,=  16.8  x  103  (vfdp  2 


(5.46) 

(5.47) 


With  a  good  fit  of  the  measured  points,  the  result  for  the  1 5  mill  air  gap  arrangement  is  (Fig 
120): 


As  =  373<Vjdj) 


0.91 


(5.48) 


or  .still  in  fair  agreement  with  a  perhaps  more  plausible  exponent: 


As  =  560^x1)) 3 


Fig.  1  i9.  Ruild-up  Distances  4s,  Run-Up 
Times  At,  and  Initiation  Time  tj  as 

Functions  of  v  ‘d  ( for  the  Arrangement 
With  the  High  Explosive  Charge  in 
Contact  With  the  Barrier. 


(5.48) 


Fig.  120.  Build-up  Distances  As'.  Run-Up 
Times  At,  and  Initiation  Time  it  as 

Functions  of  v^dj  for  the  Arrangement 
With  a  15  mill  Air  Gap  Between  the 
High  F-xpIosive  Charge  and  the  Barrier. 


Tile  measured  initiation  times  q,  which  show  an  even  greater  dispersion,  can  be  described 
approximately  by  the  equations 


t,  -  205(vJ2d))1'25  (5.49) 

resp. 

t;  =  3600^))  2  (5.49a) 


McAfee  (1987)  has  obtained  similar  streak  records  to  find  the  build-up  distances  or  corner-turning 
distances  (CTD)  for  the  initiation  of  PBX  9502  with  copper  jets  of  the  LAW  warhead  (66  mm 
diarratcr,  42°  angle).  Detailed  streak  measurements  are  much  more  accurate  compared  to  the  simple 
use  of  witness  plates  to  indicate  Ihe  promptness  of  the  initiation  (Campbell,  1981) 
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5.7 .4. 3. 


A  few  tentative  trials  were  made  in  order  to  And  out  whether  the  initiation  behavior  would  change 
if  the  acceptor  charge  were  fully  confined,  and  where  the  threshold  between  reaction  and  no  reaction 
of  the  acceptor  charge  would  lie  in  such  a  case. 

A  TNT/RDX  35/65  test  charge,  48  mm  in  diameter  and  100  mm  long  was  fitted  into  a  6  mm 
thick  and  120  mm  long  steel  casing  (Fig.  121).  The  end  faces  of  the  high  explosive  charge  were 
covered  with  10  mm  thick  steel  disks.  This  whole  confinement  was  mild  steel. 
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Tig.  121.  Test  Set-Up  With  Confined  Acceptor  Charge. 
The  results  of  four  trials  are  listed  in  the  table  below: 


Barrier  X 
(mm] 

X  +  1 0  mm 
[mm| 

|mm|ms| 

Reaction 

TOO 

Ilf) 

■  IjH 

Dei. 

140 

150 

Det. 

165 

175 

Dell. 

190 

200 

HH 

Dell 

An  "unconfined"  high  explosive  charge  behind  a  100  mm  barrier,  or  even  one  covered  with 
10  mm,  showed  no  detonation,  whereas  the  confined  charge  came  to  a  full  detonation.  The  same 
occurred  also  after  a  total  of  150  mm  had  been  perforated  (Fig,  1 22). 

A  strong  reaction  occurred  even  after  a  total  distance  of  1 75  mm  had  been  perforated  and  only 
slightly  less  violent  reaction  even  alter  a  total  perforation  thickness  of  200  mm. 

Tliese  results  show  that  the  confined  test  charge  will  be  detonated  by  a  lower  velocity  residual  jet 
than  die  unconfincd  charge.  The  limit  of  initiation  of  the  unconfined  charge,  being  in  contact  with  the 
barrier,  by  this  type  of  shaped  charge  was  found  to  be  4.8  mm/ms.  while  the  confined  charge  is  still 
initiated  by  a  jet  having  a  velocity  as  low  as  3.4  mm/us.  A  very  violent  reaction  occurs  even  at  a  jet 
velocity  of  approximately  3.2  mm/ps,  the  evidence  being  the  type  of  fragments  generated;  a  full 
deflagration  is  still  obtained  with  a  2.9  inm/psec  jet  velocity  (Fig.  1 23). 
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Fig.  122.  Type  of  Reaction  as  a  Function  Fig.  123.  Type  of  Reaction  as  a  Function 

of  Barrier  Thickness.  of  Jet  Velocity. 

The  times  for  a  reaction  in  the  case  of  an  unconfmed  charge  must  be  relatively  short.  The  high 
explosive  charge  must  react  before  it  is  broken  by  the  perforating  jet  r  'or  by  the  pressure  developing 
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internally  from  reaction  associated  with  the  jet  path.  Under  confinement,  the  charge  has  much  more 
time  to  react  and  can  detonate  through  a  DDT  process. 


These  preliminary  tests  with  confined  acceptor  charges  and  the  comparison  with  unconfined 
acceptor  charges  demonstrated  the  important  fact  that  unconfined  charges  are  suitable  only  for 
establishing  the  inidability,  because  the  perforating  jet  and  the  internal  reaction  it  causes  will  rapidly 
destroy  the  test  charge. 

Confinement  holds  the  test  charge  together  for  a  considerably  longer  dmc,  so  that  a  reaction  that 
starts  more  slowly  can  still  run  up  to  a  full  detonation.  Therefore,  the  threshold  between  detonation 
and  reaction,  and  the  threshold  between  reaction  and  no  reaction,  will  in  the  case  of  confined  charge 
be  at  considerably  lower  jet  penetration  velocities. 

5. 7. 4.4.  v^d  -  Criterion 

The  v -d  criterion  with  v  as  the  threshold  velocity  and  d  as  the  diameter  of  the  jet  or  projectile, 
generally  expressed  in  mm%s2,  is  also  very  often  written  as  vfd  criterion  in  mm^/ps  and  also  as 

2  r— 

v“K  A,  with  A  being  the  impacted  area  or  projectile  area.  The  constants  con  be  transformed  simply  in 
the  following  way: 


v2d 
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Figure  1 24  gives  the  criticnl  threshold  velocity  for  die  initiation  of  different  high  explosive  chaiges 
as  a  function  of  the  diameter  of  shaped  charge  jets  or  projectiles.  Experiments  with  flying  foils  with 
different  diameters  and  theoretical  predictions  are  also  included,  Summarizing,  one  can  say  that  Ihe 
support  for  v2d  criterion  is  strong. 

In  early  experiments  (Held,  1968)  with  shaped  charges,  having  different  base  diameters  and, 
hence,  also  different  jet  diameters,  which  were  fired  against  uncunfined  charges  made  of  TNT/RDX 
35/65,  the  critical  velocity  of  impact  was  found  to  be  inversely  proportional  to  the  square  root  of  the 
jet  diameter. 

Campbell  performed  tests  in  I97H  and  1979.  A  summary  of  these  tests  is  given  in  Campbell 
(1988).  The  data  are  included  in  Fig.  124  and  in  arguments  for  using  v2d  as  the  critical  parameter  for 
shaped  charge  jets  are  as  follows: 

"In  all  of  the  experimental  work  to  date,  ill  which  jets  have  been  attenuated  by  penetrating 
metal  plats,  there  has  not  been  an  instance  where  there  has  been  an  inversion  of  results. 

There  has  not  been  a  case  in  which  a  jet  has  failed  to  initiate  particular  explosive  and  a  similar 
but  slower  jet  has  produces  initiation.  Iliis  experience  is  based  on  work  with  three  sizes  of 
shaped  charges  and  explosives  including  PBX-9404,  Composition  B,  Cyclotol  75/25  and  PBX 
9502.  Thus,  it  is  concluded  that  the  method  of  assigning  jet  diameters  and  the  resultant  scatter  in 
diameters  are  not  entirely  meaningful,  or  inversions  in  results  would  have  occurred.  Until  the 
process  of  jet  initiation  of  explosive  is  better  understood,  it  seems  necessary  to  use  a  present 
method  of  smoothing  diameter  data,  and  it  is  anticipated  that  the  concept  of  critical  value  for  V '  d 
will  permit  prediction  of  the  performance  of  copper  jets  from  untested  shaped  charges." 

Vigil  (1985)  has  used  jets  of  very  small  rotationally  symmetric  shaped  charges  (RSC)  to  initiate 
four  different  secondary  expiosives.  The  RSC-jet  velocities  have  been  varied  between  3.6  and 
6.5  mm/tts.  The  jet  tip  diameters  ranged  from  1)  041  mm  to  1. 1  mm.  The  explosive  acceptor 
diameters  were  varied  between  1.90  mm  and  19.1  mm.  The  lateral  confinement  of  the  acceptor 
explosive  was  minimal.  The  threshold  initiation  parameter  v*d  for  LX*  1 3  (80%  PETN  and  20% 
Sylgard),  PETN,  PBX  9407,  and  Tetryl  were  experimentally  determined  to  be  11,  13,31,  and 
44  mmVjis2  or  3.3,  3.6,  6.4,  and  6.6  mm^/ps,  respectively,  for  copper  jets  impacting  bare 
explosive  acceptors.  The  lower  values  for  the  LX- 13  and  PETN  indicate  that  these  two  explosives  ate 
more  sensitive  to  jet  initiation  than  PBX-9407  and  Tetryl  explosives. 
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Figure  124.  Threshold  or  Impact  Velocity  as  a  Function  of  the  Diameter  of  Shaped 
Charge  Jets,  Projectiles,  or  Flyer  Foils  for  Different  Hish  Explosive  Charges. 

Chick  et  al  (1986a)  have  also  examined  Composition  B.  H-6,  PBX-9502  and  pressed  TNT  with 
jets  from  38  nun  and  81  mm  diameter  shaped  charges.  They  have  looked  at  the  sensitivity  of  bare 
and  covered  acceptors.  The  jet  diameters  had  not  been  measured  for  each  firing;  a  diameter  of 
1.5  mm  had  been  assumed  for  all  small  shaped  charge  jets,  and  one  of  3  mm  for  the  large  shaped 
charge  jets.  Nevertheless  the  values  tire  within  the  range  of  the  other  data  (Fig.  124).  Important  is  the 
fact  that  they  have  shown  for  the  first  time  that  blue  high  explosive  charges  can  be  initiated  by  a  jet  at 
about  half  the  tip  velocity  required  by  a  covered  charge  attacked  by  a  similar  jet.  In  both  cases  the 
explosive  is  still  unconfined. 

Wcickcrt  (1987)  has  also  confirmed  the  v2d  criterion  using  four  different  shaped  charge  diameters, 
nameiy  25.4  mm,  50,8  mm,  76.2  mm,  and  101.6  mm  against  relatively  (bin  layers  of  confined  high 
explosive  charges  in  me  taL'explosi  ve/metal  sandwiches.  The  metal  layers  of  cold-rolled  steel  4140 
were  3. 1 8  mm  thick.  Two  types  of  high  explosive  layers  were  used,  consisting  of  Datasheet  C  with 
thicknesses  of  1.07  mm,  3.18  mm,  and  6.25  mm  and  Composition  C-4,  3.18  mm  thick.  The 
shaped  charge  jet  panicles  were  very  irregular  in  shape,  or  they  were  multiple  panicles.  Still,  the 

2 

Detonation/No  Detonation  results  show  that  the  relation  vjd  =  constant  can  be  used  for  the  shaped 
charge  jet  initiation  of  explosive/metal  sandwiches.  The  spread  of  Wciekerfs  data  points  about  his 
best  fit  line  is  considerable.  This  can  be  attributed  to  the  uncertainty  in  the  measurement  of  the 
diameter  d  In  order  to  determine  the  sensitivity  of  the  results  to  the  diameter  measurement  technique, 
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Wcickert  has  used  various  alternative  diameters  d:  (i)  the  largest  dimension  of  the  lead  jet  particle; 

(ii)  a  mean  cylindrical  diameter,  and  (iii)  the  diameter  of  a  circle  with  area  equivalent  to  that  of  the 

2 

lead  particle.  The  results  using  any  of  these  diameters  were  consistent  with  the  Vjd  =  constant 
relationship  and  shifted  the  jet  particle  velocity  Vj  intercept  on  the  Vj  versus  d  plot  by  a  maximum  of 
15%  compared  to  that  obtained  using  the  diameter  based  on  the  projected  area. 

The  influence  of  varying  the  explosive  thickness  is  interesting.  As  the  thickness  of  Datasheet- 
2 

C3  is  increased,  the  critical  Vjd  value  increases,  indicating  a  reduction  in  initiation  sensitivity  of  the 
sandwich. 


Datasheet  -  C3 


Thickness 

vfd 

mm 

mm  3/m  $ 

it); 

35 

3.18 

46 

6.35 

58 

This  gives  an  almost  linear  relationship  between  vjd  and  the  sheet  thickness  t: 
vjd  =  31  +  4.41  t 

This  relationship  is  valid  for  the  limited  range  of  explosive  thicknesses  tested.  However,  the 

critical  v  2d  value  will  be  bounded  by  the  critical  diameter  of  the  explosive  for  a  thin  explosive  layer 
and  by  the  value  for  the  semi-infinite  configuration  for  a  thick  explosive  layer. 

The  v\l  criterion  has  also  been  confirmed  for  projectile  impact  on.  bare  high  explosive  charges. 

Griffiths  el  al  (1963)  have  published  earlier  work  of  Whitbread  on  the  threshold  velocities  with 
projectiles  of  12.7  mm,  10.67  mm,  8.13  mm,  and  5.60  mm  diameter  against  charges  of  RDXTWax 
88/1 2  It  was  shown  that  the  length  of  the  projectile  did  not  afreet  the  probability  of  detonation.  They 
have  tried  to  find  a  correlation  between  v  and  r2.  But  the  four  points  do  not  make  a  straight  line  on  the 
diagram. 

Bahl  et  al  (1981)  have  measured  the  initiation  thresholds  of  bare  and  covered  PBX  9404  and  an 
HMX/TATB  explosive,  called  RX  26-AF.  Steel  projectiles  of  flat  and  rounded  front  were  used  in  the 
velocity  range  of  0.5-2. 2  mm/ps.  All  their  experimental  values  for  bare  high  explosive  charges  of 
PBX  9404  and  RX-26-AF  are  presented  in  Fig.  124.  The  regression  line  gives  a  straight  correlation 
for  the  v2d -criterion,  but  with  a  constant  twice  as  high.  These  values  are  not  presented  in  Fig.  124. 

Moulatd  (1981)  has  made  additional  tests  with  projectiles  of  rectangular  and  nng-shaped  front 
ends.  If  these  areas  are  transformed  into  diameters  (representing  die  area)  then  the  corresponding 
points  are  also  on  the  v2d-line. 

Foil  tests  also  demonstrate  the  v-ri-cn tenon  if  the  flying  foil  thickness,  related  to  the  diameter,  is 
not  too  small.  The  ratio  should  be  greater  than  1/5.  Two  velocities  have  been  added  to  Fig.  124  from 
published  papers  by  Weingart  (1976)  who  had  used  0.255  mm  thick  flyers  of  Mylar  against  TATB. 

Hasman  (1986)  has  published  the  critical  energy  for  initiation,  using  flyer  diameters  of  0.5  and 
1  ntm,  and  76  pm  thick  Mylar  foils  against  HNAB  IHexanilroazobenzene,  bis(2,4.6-irinitropheynill- 
diazene]  of  5  pm  grain  size  and  1.6  g/cm2  density. 

The  experimental  values  of  the  v^d-critcrion  also  are  confirmed  by  the  numerical  2D  simulations  ol 
Mader  (1983  and  1986),  Slarkenbcrg,  ct  al  (1984),  and  Huang  et  al  (1985).  The  latter  values  are  also 
given  in  Fig.  124  for  Composition  B,  which  correlates  very  well  with  the  trend,  but  not  so  well  w  ith 
the  constants  compared  to  die  experimental  data  for  Composition  B.  Also  Green  (1981)  has  made 
relatively  simple  considerations  for  the  shock  and  release  wave  behavior  and  has  found  a  good 
correlation  to  the  v^d-criterion. 

In  conclusion,  one  can  say  that  for  "jet  attack"  against  high  explosive  charges,  the  v^-criterion  in 
fact  describes  the  detonation  threshold  of  the  high  explosive  charges  in  terms  of  the  threshold  velocity 
as  a  function  of  jet  diameter.  This  is  confirmed  by  "projectile"  impact  results  which,  however. 
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involved  larger  diameters  and  correspondingly  lower  velocities  and  also  by  flying  foils,  if  the  ratio  of 
foil  thickness  to  diameter  exceeds  1/5.  This  criterion  is  also  confirmed  by  simulation  of  the  high 
explosive  charge  behavior  with  numerical  cades. 

5.7 .4.5.  Solid-Propellant  Rocket  Motor  Attacked  bv  Shaped  Charge  Jets 

In  the  open  literature,  few  tests  are  published  relating  to  shaped  charge  attack  against  propellants, 
propellant  grains,  or  even  rocket  motors.  Nevertheless,  conclusions  can  be  drawn  from  test  results 
against  high  explosive  charges  together  with  simple  considerations  concerning  the  behavior  of  the 
explosive  materials  under  shaped  charge  jet  attack. 

The  behavior  of  charges  of  different  types  of  propellant  under  shaped  charge  attack  has  been 
investigated  (Held  et  al,  1978).  Various  compositions  with  the  following  ingredients  were  used: 

-  RDX  and  PETN  as  energetic  materials, 

-  Nitroguanidine,  Ox  amide,  Ammonium  oxalate,  as  gas-producing  materials, 

*  Nitroglycerine  as  an  energetic  plasticizer, 

-  Polyurethane  and  Nitrocellulose  as  binders, 

-  Carborundum  as  a  combustion  instability  suppressant. 

These  propellant  materials  have  been  tested  in  a  large  variety  of  combinations  in  sandwiches 
between  steel  plates  with  60c  obliquity  wnth  copper  jets,  with  a  base  diameter  of  64  mm.  With  high 
content  of  sensitive  materials  the  entire  grain  fully  detonates.  If  the  propellant  was  less  sensitive,  only 
the  portion  of  the  sandwich  having  a  smaller  angle  between  the  jet  and  direction  of  detonation, 
detonated  (upper  part  of  Fig.  125b).  With  much  less  energetic  material,  reaction  only  occurred  around 
the  jet  (Fig.  125c). 


(a)  (b)  (c) 

Fig.  125.  The  3  possible  Types  of  Reaction  of  Solid  Propellants  Under  Shaped  Charge 
Jet  Attack:  (a)  "Full  Detonation,"  (b)  "Partial  Detonation"  (in  the  upper  region  only),  and 
(c)  "partial  reaction.” 

The  conclusion  from  these  tests  is,  that  depending  of  the  sensitiveness,  the  composition  can  come 
to  a  full  detonation,  or  a  partial  detonation,  or  only  a  reaction  in  a  limited  region  around  the  jet  impact. 

No  doubt,  the  initiability  is  correlated  with  the  critical  diameter  of  the  tested  matt-rial.  The  jet  is 
generally  very  small  in  diameter.  The  “stagnation"  pressure  radially  decreases  and  follows  the 
penetrating  jet.  If,  over  a  dimension  less  than  the  critical  detonation  diameter  of  the  material,  the 
shock  pressure  in  die  bow  wave  around  the  jet  becomes  less  than  the  initiation  threshold  pressure,  a 
high-order  reaction  of  the  propellant  cannot  be  expected.  Chick  and  Bussell  (1987)  have  drawn  the 
following  conclusion  from  jet  attack  against  explosives: 

“The  method  of  increasing  the  power  output  from  solid  rocket  propellants  by  the 
incorporation  of  secondary  high  explosives  such  as  PETN,  RDX,  and  HMX  has  resulted  in 
compositions  which  exhibit  a  significant  decrease  in  critical  detonation  diameter  when 
compared  to  conventional  propellants.  This  is  demonstrated  by  the  following  table  where  the 
results  of  a  literature  survey  show  that  the  composition  containing  secondary  explosives  have 
critical  diameter  D  of  only  a  few  millimeters.  The  application  of  the  D/d  criterion  (critical 
detonation  diameter  D/jet  diameter  d)  suggests  that  many  bare  and  thinly  covered  traditional 
solid  propellants  would  not  be  expected  to  be  initiated  by  the  jet  impact  mechanisms  from 
conventional  shaped  charges.  These  materials  generally  have  shock  sensitivities  considerably 
less  than  TNT  and  may  only  be  expected  to  be  detonated  by  the  bow  waves  from  higher 
velocity  elements  of  the  larger  diameter  jets.  The  compositions  with  exceptionally  large  critical 
detonation  diameters  (which  are  also  generally  extremely  insensitive  to  shock)  would  not  be 
expected  to  be  detonated  by  conventional  shaped  charge  jets  since  the  bow  wave  may  not 
spread  to  a  sufficiently  large  diameter  and/or  be  strong  enough.” 
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Table  23.  Critical  Detonation  Diameters  Estimated  From  the  Available  Literature 


For  Several  Types  of  Explosives  (Chick  and  Bussell,  1987). 


Type  of  Explosive 

Literature  Critical 
Detonation  Diameter  D  (mm) 

Pressed  (1.52g/cm3) 

JZ 

Composition  B  <1.65  g/cm3) 

4.3 

PBX  9502  (1.90  g/cm-1' 

9 

High  Explosive 

Octol  (1.78g/cm3> 

<  6.4 

H-6  (1.74g/cm3) 

=  6.4 

Composition  B  (165g/cn>3) 

4.3 

Cast  TNT  (1.57  g/cm-’i 

14.6 

Conventional  Composite 

Very  large,  between  50-500  mm 
depending  on  composition. 

Cast  Double  Base 

Little  information  available,  36  mm 
confined  samples  detonate 

Propellants 

Aluminired  Composite 

20-35 

Composite  Containing 

PETN  (=  75%) 

<  3 

Composite  Containing 

RDX  <«  75%) 

3-4.5 

If  no  detonation  results  from  the  shaped  charge  impact  and  perforation,  then  a  burning  reaction 
will  occur.  Depending  on  the  strength  of  the  casing  this  reaction  will  be  mild  or  strong.  Asay  et  al 
(1987)  have  described  ihis  behavior  quite  adequately.  They  have  given  a  good  schematic  mtidel  i  Fig. 
126)  which  helps  to  define  the  regions  of  interest  in  the  case  of  detonation  failure: 

"The  jet  impacts  the  propellant  and  initiates  a  detonation  in  the  immediate  vicinity  of  the  jet  tip. 
Detonation  proceeds  for  a  certain  distance  and  a  transition  to  a  violent  deflagration  occurs.  This 
reaction  propagates  until  a  transition  to  a  mild  bum  occurs.  The  delineation  between  these  region*, 
may  or  may  not  be  clear-cut  and  this  description  is  necessarily,  in  the  absence  of  experimental 
evidence,  overly  simplified.  However,  this  idea  is  conceptually  sound." 


VJ4"  >V— - 


Fig.  126.  Schematic:  of  Regions  of  Interest  in  the  Case  of  Detonation. 

5.7.5.  Summary 

A  shaped  charge  jet  of  a  HEAT  weapon  has  generally  enough  power  to  bring  any  type  of 
propellant  charge  to  a  reaction,  even  after  perforation  of  a  casing. 

This  residual  jet  tip  velocity  can  tie  calculated  from  the  jet  tip  velocity,  the  stand-off  distance,  or 
die  distance  of  the  target  from  the  virtual  origin,  the  casing  thickness  along  the  perforation  line  and  the 
target  density. 

The  type  of  reaction  depends  on  the  sensitiveness  of  the  propellant  charge,  which  is  correlated 
with  the  critical  detonation  diameter  D,  the  residual  jet  velocity  v,  and  the  jet  diameter  d,  this  is 
expressed  by  the  v^d-criterion. 

The  conventional  composite  propellants  will  normally  not  he  initiated  by  a  shaped  charge  jet, 
because  their  sensitiveness  is  low  and  their  critical  detonation  diameter  is  relatively  large.  Composites 
containing  PETN,  RDX,  or  HMX  will  normally  detonate,  especially  if  these  materials  are  added  in. 
large  proportions. 
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CHAPTER  6.  MITIGATION  OF  RESPONSES 


6.1.  INTRODUCTION 

The  previous  chapters  have  presented  (1)  the  general  response  of  rocket  motors  to  various  stimuli 
(thermal  resulting  in  cook-off  and  inadvertent  ignition,  fragment  impact,  bullet  impact,  electrostatic 
discharge,  etc.),  (2)  the  sctenti fic/technical  areas  such  as  shock  to  detonation  transition,  deflagration 
to  detonation  transition,  bum  to  explosion,  etc.,  (3)  the  parameters  necessary  to  describe  or  predict 
effects  in  each  of  the  scientific/technical  areas  and  various  test  techniques  used  to  obtain  these 
parameters. 

This  chapter  seeks  to  provide  help  on  options  available  to  mitigate  unwanted  reactions.  Thai  is, 
after  you  have  used  die  methods  and  information  presented  in  the  previous  chapters,  and  determined 
that  you  have  a  hazards  problem,  what  can  you  do  to  lessen  or  eliminate  the  problem. 

6.2.  THERMAL  STIMULI 

Cook-off  of  confined  energetic  materials  will  inevitably  occur  if  these  materials  are  subjected  to 
elevated  temperatures  for  prolonged  periods  of  time.  Obviously,  the  first  mitigation  consideration 
should  be  suppression  of  the  heat  flow  from  the  heat  source  to  the  munition,  giving  valuable  time  to 
attempt  to  extinguish  the  fire.  Obviously,  much  iess  time  is  available  in  the  fast  cook-off  situation,  but 
the  slow  cook-off  reaction,  if  it  occurs  it  is  usually  more  violent  than  fast  cook-off. 

To  prevent  or  reduce  the  heat  flow  from  an  external  heat  source  into  a  rocket  system  a  number  of 
options  are  open  to  the  designer.  The  most  important  ones  are  listed  below. 

1 .  In  storage,  rocket  systems  can  be  protected  by  selecting  proper  fire-resistant  package  materials 
of  low  thermal  conductivity.  In  addition,  heat  shields  can  be  used  to  further  decrease  the  heat  transfer. 

2 .  If  the  rockets  arc  out  of  their  protective  packaging  the  outer  easing  can  be  coated  with  special 
heat  insulation  materials  such  as  intumescent  paints.  For  example  an  ammonium  salt  of  a  sulfonic  acid 
embedded  in  an  epoxy  polysulfide  binder  can  be  loaded  with  mica  flakes  and  used  as  a  radiation  shield 
w  hich  in  the  case  of  fire  will  react  to  form  a  protective  foam  layer  of  poor  thermal  conductivity 
(Crowley,  1978). 

3.  Inside  the  rocket  motor  a  good  heat  insulation  can  be  accomplished  by  means  of  suitable  liner 
materials  (McQuaidc,  1976.  and  Miguel,  1977). 

The  liner  will  give  the  necessary  mechanical  strength  and  case  bonding  against  stress 
(McQuaide,  1976).  An  additional  advantage  of  some  finer  materials  is  that  they  slowly  decompose, 
leading  to  a  pressure  build-up  which  may  disrupt  some  rocket  motor  casing  before  the  propellant  will 
ignite.  Also,  the  reaction  gases  may  act  as  a  heat  insulating  layer  which  will  further  increase  the  time 
to  ignition. 

4.  Careful  selection  of  propellant  materials  is  another  important  way  to  prolong  the  time  to 
ignition  and  to  reduce  the  effects  of  cook-off.  Typically,  double  base  propellants  will  Stan  to 
decompose  at  temperature  ranging  from  about  1  SO  up  to  1  ?0°C.  In  large  rocket  motors  the 
decomposition  can  start  at  an  ambient  temperature  of  90°C  whereas  composite  propellants  decompose 
at  considerable  higher  temperatures  (250-300°C)  (Rideal  and  Robinson,  1948),  although  in  recent 

U  S.  tests  with  full  scale  rocket  motors  with  composite  propellants  reactions  have  occurred  at  oven 
temperature  between  160-21 1“C.  Besides  the  use  of  thermally  stable  elastomers  (Sutton  and 
Wellings,  1964),  flame  retardants  can  be  added  to  inhibit  the  decomposiuon  reactions  of  the  energetic 
material  in  composite  propellants  (Gidhar  and  Aroca,  1978),  Finally,  stable  binder  materials  will 
increase  the  thermal  stability  of  the  propellant  (Vetter,  1977). 

5.  In  the  areas  near  the  wall  of  the  rocket  motor  the  heat  flow  into  the  propellant  will  be  the 
greatest.  So  in  these  areas  ignition  is  most  likely  to  occur.  Therefore  to  increase  the  tune  to  ignition 
one  should  increase  the  thermal  conductivity  of  the  propellant  to  divide  the  heat  over  the  entire 
propellant  grain  (Rat  and  Kent,  1982). 

However,  delaying  the  ignition  by  the  use  of  heat  insulating  packages  or  external  or  internal  liners 
may  increase  the  violence  of  tire  event  when  it  does  eventually  take  place.  This  is  because  the  lower 
rate  of  heal  flux  into  the  propel] ant  will  result  in  a  less  steep  temperature  gradient  within  the  propellant 
so  that  when  ignition  takes  place  near  the  motor  wall,  the  inner  part  of  the  propellant  grain  will  ignite 
more  readily  and  the  event  will  develop  more  rapidly.  This  assumes  of  course  that  die  motor  case 
does  not  deerade  during  this  longer  time-scale.  (Also,  pre-ignition  reactions  may  complicate  the 
issue.) 
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If  the  countermeasures  described  above  have  failed,  3  thermal  explosion  of  the  propellant  is  to  be 
expected.  In  order  to  minimize  the  risk  of  such  an  event,  some  additional  countermeasures  can  be 
taken. 

All  the  concepts  presented  below  arc  based  on  the  idea  preventing  a  pressure  buildup  inside  the 
casing  (Vetter,  1977).  This  can  be  achieved  by  including  vent  hotel  in  the  motor  casing,  by  providing 
relief  ports  or  to  chose  a  relatively  weak  material  for  the  casing,  i.e.  using  the  strip  laminated 
technique. 


PASSIVE  MITIGATION  DEVICES 

Partial  Ins  '  ,tion  Technique  (PIT):  This  concept  uses  an  external  insulativc  coating  applied  over 
most  of  the  munition's  case,  leaving  only  a  bare  strip  down  the  length  of  the  component.  When  the 
munition  is  exposed  to  fast  cook-off,  heat  transfers  into  the  item  through  the  uncoated  area.  The  heat 
weakened  part  of  the  case  then  fails  longitudinally  when  the  underlying  liners/insulators  or  energetic 
material  undergo  thermal  decomposition.  The  advantages  of  the  approach  are  that  it  is  easily  and 
inexpensively  applied  and  uses  no  moving  parts  or  energetic  materials.  Disadvantages  include  a  small 
weight  penalty  and  center-of-gravity  shift  of  the  munition,  possible  handling  and  fitment  problems, 
and  that  it  provides  protection  against  only  a  truly  fast  cook-off. 

Case  Stress  Riser  This  concept  consists  of  mechanically  grooving  a  metallic  case  containing 
energetic  material.  As  the  material  is  heated  and  expands  or  the  liner  pyrolizes,  the  internal  pressures 
will  crack  open  the  case  in  a  controlled  manner  at  acceptably  low  pressures. 

ACTIVE  MITIGATION  DEVICES  WITHOUT  IGNITION 

Thermally  Initiated  Venting  System  (T1VS):  This  device  uses  a  linear  shaped  charge  to 
explosively  cut  through  a  munition  component  case.  The  explosive  is  sized  to  crack  open  the  case 
without  igniting  the  underlying  energetic  material.  In  order  for  it  to  function,  ihe  T1VS  must  be 
connected  to  a  thermal  sensor  and  initiation  trigger.  When  used  on  weapons  subject  high  free  flight 
aerodynamic  heat,  there  must  be  a  launch  energized  out-of-line  device  placed  between  the  detonation 
mechanism  and  the  linear  shaped  charge.  T1VS  has  demonstrated  good  results  on  AMR  AAM  and 
Maverick.  The  T1VS  has  the  advantage  that  it  may  be  modified  to  work  in  both  fast  and  slow  cook 
off  environments.  The  disadvantages  with  TIVS  include  complexity  (when  including  sensor/trigger- 
and  out-oflinc  mechanisms)  and  potential  safety  problems  when  associated  w-ith  its  external  location. 
An  addition,  although  unlikely,  safety  hazanl  is  accidental  and  unnoticed  TIVS  initiation  when  u'ed 
on  a  rocket  motor.  Subsequent  missile  firing  would  probably  result  in  an  immediate  motor  explosion. 
The  AMRAAM  TIVS  is  designed  to  disable  the  motor  firing  circuit  given  TIVS  initiation, 

ACTIVE  MITIGATION  DEVICES  WITH  IGNITION 
The  U.S,  Navy  position  is  that  these  type  of  devices  will  hqj  be  allowed. 

Thermite  Case  Penctraior  (TCP)  This  approach  uses  thermite  to  melt  through  a  munition  case  and 
ignite  the  underlying  energetic  material.  (It  is  possible  to  design  this  device  to  melt  through  a  case 
without  igniting  the  underlying  energetic  material;  such  an  approach  would  then  be  classified  as  active 
without  ignition.)  The  thermite  is  located  outside  the  case  in  retrofit  designs.  The  external  version 
consists  of  a  thin  metal  cup  filled  with  a  strip  of  thermite.  Inside  the  cup  is  a  small  piece  of  rocket 
propellant  which  is  autoignited  during  fire  exposure.  The  burning  propellant  then  ignites  a  "transfer 
charge"  of  finely  ground  thermite  which,  in  turn,  ignites  the  thermite  main  charge.  The  external  TCP 
has  proven  to  be  reliable  in  providing  mild  fast  cook-off  reactions  to  rocket  motors.  With  additional 
thermite  ignition  work  (thermal  batteries)  it  may  provide  acceptable  slow  cook-off  reactions  for  at  leas! 
some  types  of  ordnance.  Safety  is  an  issue  with  this  approach  because  the  device  has  the  potential  to 
cause  accidental  ignition  of  energetic  material  in  munition  components.  The  thermite  igniter  is 
thermally  exposed  to  the  outside  environment  but  wall  only  function  when  heated  to  above  260°C.  On 
the  tested  ordnance  item,  functioning  of  the  device  occurred  about  15  seconds  before  the  munition 
would  otherwise  have  reacted.  Safety'  concerns  should  only  apply  us  the  identification  of  accidental 
ordnance  heating  situations,  and  probabilities  thereof,  which  could  function  the  thermite  igniter 
w  ithout  also  reacting  the  munition. 

Ignition:  This  applies  only  to  rocket  motors  and  consists  of  deliberately  igniting  the  motor  through 
use  of  its  built-in  ignition  system.  This  would  usually  also  require  some  sort  of  motor  case  opening 
system.  It  would  generally  only  be  used  in  a  slow  cook-off  situation  when  a  sensor  determined  that 
the  propellant  was  in  imminent  danger  of  detonating. 

THERMAL  SENSORS  EOR  ACTIVE  MITIGATION  DEVICES 

Thermally  Activated  Safe-Arm  Device  (TASAD):  This  is  a  device  being  developed  under  the  U.S. 
Navy's  "Insensitive  Munitions”  Advanced  Development  Air-Launched  Ordnance  Section  Program 
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which  will  identify  and  classify  a  fast  or  slow  cook-off  event  and  provide  output  signals  to  appropriate 
mitigation  devices  such  as  TIVS.  The  first  working  prototype  has  demonstrated  that  it  will  identify 
and  discriminate  between  fast  and  slow  cook-off.  It  can  be  set  to  identify  slow  cook-off  as  any 
heating  history  which  will  cause  an  ordnance  item  to  react  in  about  30  minutes  or  longer.  This 
generic  model  will  require  modification  and  development  for  direct  application  to  a  specific  munition. 

It  also  requires  detailed  energetic  material's  characterization  work  in  order  to  correctly  establish  the 
specific  heating  histories  which  cause  transition  from  fast  cook-off  type  reactions  to  slow  cook-off 
reactions. 

Thermal  Batteries:  This  is  a  new  and  alternate  approach  to  TASAD.  It  used  thermal  batteries  as  a 
combined  heat  detector  and  power  source  to  function  a  mitigation  device  such  as  TIVS.  Two  different 
thermal  batteries  are  used.  One  has  a  fairly  high  melt  temperature  electrolyte  which  energizes  in  a  fast 
cook-off  environment.  The  other  battery  uses  a  lower  melt  temperature,  electrolyte  combined  with 
external  insulation  sufficient  to  prevent  it  from  energizing  in  fast  cook-off.  In  slow  cook-off,  the 
slower  external  heating  rates  provide  the  time  for  the  heat  to  transfer  to  the  electrolyte  and  function  the 
battery.  Thermal  s-.  itches  are  also  required  to  allow  the  batteries  to  reach  full  charge  prior  to 
activation.  This  abroach  is  still  in  early  development  and  has  not  yet  been  demonstrated  to  work. 

6.3.  DETONATION 

Earlier  chapters  discussed  how  fragment  impact  and  bullet  impact  could  lead  to  a  detonation  either 
through  the  shock  to  detonation  transition  (SDT)  or  through  deflagration  to  detonation  transition 
(DDT). 

Obviously  one  primary  way  to  prevent  the  detonation  is  to  prevent  materials  impacting  the  motor, 
or  if  impact  does  occur,  slowing  the  fragment  down  or  decreasing  its  mass  (e.g.,  via  fragmentation) 
so  that  it  does  not  impact  the  motor  with  sufficient  mass-velocity  to  cause  SDT.  Shielding  materials  or 
spacing  ordnance  is  the  most  common  mitigation  methods,  however  one  often  pays  an  operational 
penalty  for  this  mitigation.  Parsons  et  al  (1988)  discusses  operational  considerations  of  separation 
distances  and  shielding  materials,  as  does  Swisdak  ct  al  (1987)  However,  in  some  instances  the 
harrier  materia]  docs  not  have  to  be  excessively  thick  or  heavy.  Some  recent  work  at  NWC 
(unpublished  at  present)  has  shown  that  in  some  instances  the  shipping  container  or  launch  tubes  may 
provide  sufficient  barrier.  In  some  shipping  configurations  storage  of  the  missile  wings/fins 
(unattached  during  shipping)  between  adjacent  missiles  can  provide  sufficient  mitigation.  In  other 
instances,  plastic  materials  and/or  scoria  like  materials  arc  being  considered  for  attenuation  media 
between  rounds. 

Good  progress  has  been  made  in  applying  various  hydrodynamic  compuler  codes  to  predict  the 
effectiveness  of  various  barrier  materials  and  spacings  in  attenuating  shock  input  to  the  munitions. 
Since  the  applications  are  very  system  dependent,  and  quickly  become  weapon  system  vulnerability 
issues  (that  are  classified)  they  are  not  included  in  this  AGARDograph.  However  the  reader  should 
know  that  techniques  are  available. 

Otter  areas  of  mitigation  of  direct  SDT  involve  the  response  of  the  munition  itself.  In  the 
propulsion  area  some  work  has  been  started  to  look  at  the  role  of  motor  case  itself,  but  most  of  the 
work  has  been  devoted  to  providing  less  sensitive  propellant.  This  can  be  accomplished  in  several 
ways  as  outlined  in  the  fragment  impact  hazard  protocol  (Section  4,  Fig.  1 1)  by  increasing  the  critical 
diameter  of  the  propellant,  by  increasing  the  shock  initiation  threshold,  by  increasing  the  run  distance 
to  detonation,  and  by  providing  void-free,  hard  to  damage  (environmental  effects  included)  propellant 

For  many  propellants  the  critical  diameter  is  quite  large,  especially  when  compared  with  the 
diameter  of  the  motor  (although  the  discussion  of  Section  5.4. 1 , 1  should  be  reviewed).  However  ihe 
critical  diameters  for  advanced  solid  rocket  propellants  may  be  relatively  small  (Brunet  and  Salvetat. 
1988),  especially  for  those  containing  some  bum  rate  modifiers  and/or  energetic  binder  and/or 
nitramine  ingredients.  The  effect  on  SDT  sensitivity  due  to  critical  diameter  can  be  seen  in  Fig.  127. 
This  figure  presents  the  results  of  calculations  done  for  an  actual  propellant  that  had  a  critical  diameter 
of  approximately  1.3  cm  and  a  shock  sensitivity  of  approximately  120  U.S  cards  ( 1 .2  inch, 

3,05  cm,  of  PMMA)  in  the  NOL  card  gap  test.  In  the  analytical  study,  the  critical  diameter  was 
varied  from  1/2  inch  (1.27  cm)  through  2  inches  (5.08  cm).  The  initiation  threshold  pressure  was 
not  changed  during  the  calculations.  As  shown  in  the  figure  increasing  the  critical  diameter  of  the 
propellant  significantly  decreases  the  susceptibility  to  combinations  of  projectile  mass  and  velocity  that 
would  cause  SDT. 

From  the  discussions  of  deflagradon-to-detonation  transition  (Section  5.4.2),  successful 
prevention  of  this  phenomena  primarily  depends  on  preventing  damage  to  the  propellant  (e.g.  making 
tough,  nonfriabic  propellant),  preventing  ignition  and  frame  spread,  and  relieving  confinement  before 
the  nation  can  transition  to  a  detonation.  A  discussion  cm  how  to  make  tough  propellants  is  beyond 
the  scope  of  this  volume.  The  method  usually  used  to  determine  if  tough  propellant  has  been  made  is 
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the  shotgun  test  that  was  discussed  in  Section  5.4.2. 1.  Methods  to  relieve  confinement  are  similar  to 
the  techniques  used  to  relieve  confinement  to  prevent  explosion  as  discussed  below. 


Fig.  127.  Effect  of  Critical  Diameter,  lie,,  on  Fragment  Induced  Shock  to  Detonation 
High  Energy  Propellant  in  3/16"  Steel  Case.  Blunt  Cylinder  Impactor. 

6.4.  E&ELQSim 

As  discussed  in  Section  4.6,  if  a  fragment  docs  not  have  sufficient  mass  or  velocity  to  cause 
prompt  shock-  to-detonation  transition  we  must  still  be  concerned  about  a  bum  to  explosion  reaction. 
In  terms  of  Fig.  13  the  possible  routes  of  mitigation  (i.c.,  to  reduce  vulnerability)  for  an  event  less 
violent  than  detonation  would  appear  to  Ire: 

1 .  Consider  the  mass  and/or  velocity  of  the  fragment.  In  many  cases  this  means  reducing  the 
mass  or  velocity  through  the  use  of  barriers  or  cases.  However  one  must  be  careful.  If  one  is  in  the 
region  where  the  fragment  completely  passes  through  the  motor  without  igniting  the  propellant,  or 
even  when  with  ignition  the  holes  produced  are  sufficient  to  vent  the  reaction  |  the  exit  hole  is  usually 
very  much  greater  than  the  entry  hole]  a  reduction  of  mass  and/or  velocity  may  cause  the  undesired  ’ 
bum-to-violent  reaction. 

2 .  Change  the  ballistic  limit  of  the  case. 

3 .  Reduce  the  ignitability  of  the  propellant 

4.  Reduce  the  temperature  coefficient  of  the  propellant  burning  rate. 

5 .  Reduce  the  pressure  exponent  of  the  propellant  burning  rate. 

6.  Improve  the  mechanical  strain  rate  behavior  (i.e.,  reduce  the  frangibility)  of  the  propellant. 

7 .  Modify  the  thermochemistry  and  energetics  to  reduce  the  pressure  rise  rate  following  ignition 
by  fragment  impact.  (This  usually  is  not  a  viable  option  since  the  ballistics  of  the  motor  would  also  be 
changed. 

8.  Improve  the  venting  of  the  motor  case. 

Of  these,  (1),  (2),  and  (3)  might,  in  the  event  of  attack  of  a  non-ignited  motor,  eliminate  the  event 
altogether,  while  any  except  perhaps  (3)  could  reduce  the  violence  of  the  event. 

However,  requirements  related  to  performance  may  limit  the  practicalities.  The  introduction  of 
plates  or  containers  to  achieve  f  1)  may  not  be  practicable  because  of  weight  configuration  and  the 
same  may  apply  to  (2);  in  any  case,  some  ways  of  achieving  (2)  will  be  counterproductive  in  terms  of 
venting  if  the  projectile  does  get  in.  Since  propellants  have  to  be  readily  ignitablc  there  is  a  definite 
limit  to  what  can  be  achieved  in  (3).  Option  four  is  certainly  desirable  but  in  practice  will  be  tied  up 
with  (5)  and  (7),  again  in  connection  with  performance.  The  principal  options  for  mitigation  of 
response  would  therefore  appear  to  lie  in  modifying  the  propellant  behavior  under  attack  by  (6)  and 
improving  case  venting  by  (8). 

The  conclusions  are  generally  in  accord  with  those  from  the  UK  MSM  work  (which  has  also 
considered  the  effect  on  response  of  temperature  variation)  and  the  UK  has  therefore  developed  the 
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LOVUM  program  to  investigate  the  possibilities,  using  a  matrix  of  four  propellants  of  different 
chemical  types  (one  as  control)  and  three  case  materials. 

THE  LOVUM  PROGRAM 

The  program  is  designed  to  assess  the  effect  of  changes  in  the  propellant  formulation  and  motor 
case  material  on  the  results  of  0.5  in  AP  bullet  attack,  standardized  fuel  fire  and  slow  cook-off  trials 
relative  to  those  of  analogous  cast-double-base  propellant  motors  (Bascotnbe  and  Manners,  1987). 
I-'our  different  propellant  compositions  in  all  and  several  case  materials  are  being  assessed. 

The  application  is  a  single  thrust  (boost)  radially  burning  motor  with  the  highest  performance 
possible  in  keeping  with  a  reduction  in  vulnerability  to  attack. 

An  outline  sketch  of  the  LOVUM  motor  is  shown  in  Fig.  128.  All  variations  of  the  motor  are 
designed  to  have  as  similar  performance  as  possible  and  commonality  of  design  as  follows: 

1 .  Slotted  tubular  charges;  the  HTPB  charge  has  3  slots,  the  rest  4. 

2.  Similar  web  thicknesses. 

3.  Mean  working  pressure  at  20°C:  10  MPa. 

4.  Ratio  static  bursting  pressure  to  tube  maximum  work'ng  pressure  at  60°C:  >  1.33,  with  not 
mote  than  10%  variation  between  various  designs  of  motor  case. 

5.  Burning  times:  2  to  4,5  secs  at  20C’C. 

6.  Specific  impulses:  220  to  240  s. 


Case 


The  four  propellants  used  in  the  tests  are  standard  cast-double-base  propellant  (C  1  >ntrol),  a 
nilramine  loaded  casl-doul>!c-base  propellant  (CDB/RDX),  both  as  cartridge-loaded  cha  an 
elasiomer-modified  cast-double-  base  propellant  (EMCDB)  and  a  hydroxy-tenni nated-poi>  tuliene 
propellant  (HTPB),  both  as  case-bonded  charges 

The  case  materials  used  in  the  tests  are: 

1 .  Carbon-fibre-reinforced  plastic  (CHRP). 

2.  Steel  stripdaminate  (SSL). 

3.  Kevlar-overwound  aluminium  alloy  (KOW). 

4.  KOW  (designed  primarily  for  low  response  to  fragment  attack)  plus  a  rapid  venting  system  to 
activate  in  a  fire  and  vent  the  case  before  a  serious  reaction  could  occur,  Systems  under  investigation 
at  the  moment  are  thermite  tabs  (TO  and  line  cutting  charges  (LCO), 

Each  motor  is  checked  radiographically  for  integrity  of  propellant/inhibition  bonding,  and  each 
propellant/motor  case  combination  is  checked  for  performance  (thrusi  and  pressure)  by  firing  one 
motor  at  -  30<=C  and  another  at  +60°C. 
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The  full  set  of  intended  tests  is  given  in  Table  24.  BA  denotes  bullet  attack  (2  trials)  -  single  shot 
0.5"  AP,  service  velocity  (=>850  m/s),  one  trial  against  a  motor  conditioned  at  60°C  and  one  against  a 
motor  conditioned  at  -30°C,  except  for  the  additional  tests  where  a  single  attack  at  -50°C  is  intended. 
Approximate  measurements  of  blast  overpressure  are  obtained  from  4  foil  gauges  arrayed  round  the 
store,  1  m  from  the  center,  and  a  pressure  transducer  is  installed  in  the  motor.  High  speed  cine  (100 
and  1000  pps)  and  video  are  also  used.  FF  denotes  fuel  fire  (single  trial)  using  AVCAT  or 
commercial  kerosene  grade  B  to  give  a  ten-minute  fire  in  a  steel  tray  1.58  m  x  1. 15  m  x  0.10  mdeep 
in  a  suitable  emplacement  to  keep  out  the  wind.  Instrumentation  includes  thermocouples  to  measure 
flame  temperatures  inside  the  motor,  with  a  cine  camera  at  1 6  pps  and  video.  SCO  denotes  slow 
cook-off:  the  motor  is  heated,  in  a  disposable  air-circulation  oven,  at  temperatures  increasing  from 
ambient  at  3.3°C  per  hour  until  an  event  occurs. 

Table  24.  LOVUM  Test  Matrix. 


CDB 

CDB/RDX 

EMCDB 

HTPB 

1.  CFRP 

BA 

EE 

SCO 

M 

EE 

SCO 

BA 
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(JHI 

■ 

■HHH 

2.  SSL 

iaf 

35a 

BA 

FF 

SCO 
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3.  KOW 

BA 

FF 

SCO 

He 

■ 

hhhs 

4.  No  3  plus  TT  or  LCC 

FF 

SCO 

FF 

SCO 

FF 

SCO 

FF 

SCO 

+  additional  test  (BA  -  k^'C) 


The  full  range  of  tests  is  programmed  for  motors  using  cases  1 , 2  and  3  but  curtailed  for  case  4 
motors;  case  4  is  a  modification  of  case  3  to  improve  the  response  to  fuel  fire  and  slow  cook-off  so  the 
BA  test  is  superfluous. 

Bullet  attack  at  -50°C  will  he  earned  out  for  those  pmpcllant/casc  combinations  where  a  maximum 
non-detonating  response  (Explosion)  is  not  achieved  in  the  fragment  attack  test  at  -30°C.  These 
rubbery  propellants  have  a  much  lower  glass  transition  temperature  (Tg)  than  the  standard  double-base 
propellants  (filled  or  unfilled)  and  a  temperature  much  lower  than  30°C  is  needed  to  make  them  brittle 
under  these  attack  conditions. 

Tlte  UK  has  little  experience  of  rocket  motor  detonation  but  clearly  methods  of  mitigating  such  an 
event  would  vary  depending  on  whether  the  event  was  a  DDT.  Once  the  detonation  is  established 
there  can  be  no  means  of  stopping  it,  so  for  DDT  it  is  necessary  to  work  on  the  initial  deflagration 
phase  and  considerations  similar  to  those  above  should  apply.  For  SDT  it  is  necessary  to  attenuate  the 
affect  of  the  shock,  either  by  interposing  a  liner  between  propellant  and  motor  case  (imposing  a  mass 
penalty  and  possibly  increasing  the  prospects  of  DDT  by  increasing  the  confinement)  or  if  possible  by 
changing  die  propellant  system  for  a  composition  of  greater  critical  diameter. 

6.5.  ELECTROSTATIC  DISCHARGE 

AM  parts  of  the  system  must  be  at  the  same  voltage.  The  first  requirement  is  to  have  a  properly 
designed,  installed,  and  frequently  checked  earthing  system. 

Where  possible,  conductive  cases  should  be  used  along  with  the  least  sensitive  (to  electrostatic 
discharge)  propellants. 

Where  other  requirements  preclude  the  prevention  of  electrostatic  charge  generation,  conditions 
favorable  to  high  charge  leakage  rates,  such  as  relative  humidities  in  excess  of  4(1%,  should  be 
introduced. 

Solid  propellant  sensitivity  can  be  reduced  by  using  large  sized  conductive  (Al)  panicles  and 
spheroidal  rather  than  platelet  conductive  panicles. 


CHAFfER  7.  NATO  STANDARDIZATION  ACTIVITIFS  TO  PROMOTE  MUNI  TION  SAFETY 


7.1.  BACKGROUND 

The  purpose  of  this  chapter  is  to  briefly  outline  NATO  supported  activities  dealing  with  solid 
propellant  rocket  motor  hazards  or  the  more  general  area  of  munition  safely. 

One  aim  of  NATO  is  to  achieve  increased  military  effectiveness  through  the  efficient  use  of 
resources  allocated  by  nations  for  their  defense.  This  includes  funds  allocated  for  multinational 
development  of  weapons  and  cross  procurement  of  weapons  between  nations.  In  the  case  of  weapons 
and  stores  containing  energetic  materials,  an  economy  of  resources  can  be  realized  if  there  is  a 
common  approach  for  the  design  of  a  weapon  and  the  test  requirements  necessary  to  demonstrate 
acceptable  safety  limits. 

7.2.  ORIGIN  OF  A 03 10  JM  NATO 

Prior  to  1979,  NATO  addressed  munition  safety  needs  through  activities  within  AC/225.  "NATO 
Army  Armament  Group"  and  AC/258,  "Group  of  Experts  on  the  Safety  Aspects  of  Transportation  and 
Storage  of  Military  Ammunition  and  Explosives."  In  1979,  the  Conference  of  National  Armament 
Directors  (CNAD)  acknowledged  that  munitions  safety  was  one  of  the  greatest  impediments  to 
weapon  interoperability  within  NATO  nations.  Accordingly,  NATO  formed  AC/5  ID,  ’’Group  on  the 
Safety  and  Suitability  for  Service  of  Munitions  and  Explosives,"  and  tasked  this  Group  to  address 
safety  standardization  associated  with  the  different  phases  of  the  research,  development,  and  weapon 
procurement  cycle.  The  Terms  of  Reference  for  AC/5 10  (NATO,  1987)  more  clearly  define  the 
activities  of  this  group. 

'The  areas  of  concern  are: 

-  The  design  principles  to  be  adapted  to  ensure  the  safety  of  munitions, 

-  The  criteria  and  tests  to  be  applied  for  the  assessment  of  the  safety 

and  suitability  for  service  of  munitions,  and 

-  The  service  environments  with  special  emphasis  on  munitions. 

These  areas  of  concern  include  the  basic  properties,  characteristics  and  qualification  of  explosives, 
including  new  materials  not  yet  applied. 

These  concerns  are  valid  throughout  the  design  to  acceptance-for-scrvice  stages  of  weapon 
development." 

7.5.  AC/510  WITHIN  THE  NATO  ORGANIZATION 

A  partial  NATO  organization  chart,  presented  in  Fig.  129,  shows  the  relationship  of  AC/310  relative 
to  other  groups  involved  in  different  aspects  of  safety  standardization. 

NATO  AC/3 10  is  one  of  six  CADRE  groups  reporting  to  the  Conference  for  National  Armament 
Directors  (CNAD).  The  activities  of  AC/310  are  of  interest  to  till  other  groups  in  the  CNAD  structure 
dealing  with  munitions  The  primary  groups  with  which  AC/310  interacts  are  as  follows: 

-  NATO  Navy  Armament  Group  (NNAG),  AC/141 

-  NATO  Air  Force  Armament  Group  (NAFAG).  AC/224 

-  NATO  Army  Armament  Group  (NAAG),  AC/225 

-  NATO  Group  of  F.xperts  on  the  Safety  of  Transportation  and  Storage  of 

Ammunition  and  Explosives,  AC/258 

-  NATO  Industrial  Advisory  Group  (NIAG) 

The  activities  of  the  three  armament  groups  involve  NATO  cooperative  munitions  programs  (e.g., 
NATO  Sea  Sparrow,  NATO  Sea  Gnat,  NATO  155  mm  Self-Propelled  Howitzer,  Milan  Guided  Anti- 
Armour  Weapon,  the  NATO  Patriot  Program,  etc.).  Obviously,  all  NATO  munitions  development 
programs  must  abide  by  standard  safety  requirements  and  standards  arising  from  AC/310.  The  NIAG 
is  a  high  level  consultative  body  of  senior  industrialists  of  NATO  member  nations.  Among  other 
goals,  the  NIAG  fosters  government- to-industry  and  industry-to-industry  armament  cooperation 
within  NATO. 

Fur  technical  issues  associated  with  munitions  using  propulsion  components,  AC/3 1 0  interacts 
with  the  Propulsion  and  Energetic  Panel  of  the  Advisory’  Group  for  Aerospace  Research  and 
Development  (AGARD).  This  AGARD  Panel  is  the  sponsor  for  this  AGARDograph. 
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NATO  AG/315  is  a  high  level  group  tasked  by  the  NATO  Council  to  coordinate  the  overall  NATO 
standardization  program. 
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Fig.  129.  AC/3 10  in  NATO  Organization 
7.4.  STRUCTURE  OF  NATO  AC/310 

NATO  AC7310  is  a  tri-service  group  and  considers  all  elements  of  a  weapon  or  store  containing 
explosives  (or  energetic  materials).  The  organization  of  AC/310  is  presented  in  Fig.  1 30.  It  is 
comprised  of  a  Main  Group  and  four  supporting  Sub-Groups. 


•  EXPLOSIVES  =  ALL  ENERGETIC  MATERIALS 

•  MUNITIONS  =  ALL  DEVICES  CONTAINING 

ENERGETIC  MATERIALS 

Fig,  130.  NATO  AC/310  Organization. 

7.4.1.  The  Main  Group.  The  Main  Group  of  AC/310  is  the  permanent  policy  and  management  body 
for  AC/310.  il  is  responsible  for  accepting  and  assigning  tasks  for  AC/310.  li  directs,  coordinates, 
and  integrates  the  program  of  work  within  AC/3 10  as  well  as  in  relation  to  Ihe  function  of  AC/3 10 
wilhin  NATO,  and  in  consequence,  directs  the  planning  and  execution  of  the  work  of  its  subordinate 
bodies. 

7.4.2.  The  Sub-Groups 

The  Main  Group  has  established  four  permanent  Sub-Groups  to  deal  with  specific  king  term  tasks 
of  AC/310.  The  Sub-Groups  may  undertake  tasks  within  the  framework  of  the  TOR  and  the  policy 
established  by  the  Main  Group. 

Sub-Group  1  concentrates  on  the  safety  and  suitability  for  service  of  explosive  materials  (high 
explosives,  propellants,  and  pyrotechnics). 
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Sub-Group  II  is  concerned  with  design  safety  principles  and  test  methods  for  ignition  systems, 
fuzing,  and  safety  and  arming  systems. 

Sub-Group  III  has  the  responsibility  for  achieving  a  common,  agreed  definition  of  climatic, 
mechanical,  and  specialized  electrical  environments.  The  latter  includes  radio  frequencv(RF),  static 
electricity,  and  lightning  aspects. 

Finally,  Sub-Group  IV  is  concerned  with  developing  methodology  for  the  assessment  of  the 
safety  and  suitability  for  service  of  munition  systems.  To  accomplish  this,  Sub-Group  IV  draws  on 
the  fundamentals  developed  in  the  other  three  Sub-Groups  and  applies  these  to  three  generic  classes  of 
munition  systems:  underwater,  surface  and  air  launched.  In  addition  to  safety  test  requirements  for 
different  munition  systems,  Sub-Group  IV  is  publishing  safety  design  criteria  documents  for  specific 
munition  components  and  subcomponents. 


The  frequency  of  meetings  for  the  Main  and  Sub-Groups  is  twice  a  year,  but  each  Sub-Group  has 
the  authority  to  establish  ad  hoc  working  groups  of  specialists  to  deal  with  particular  problems. 


"  5.  NATO '‘INSENSITIVE  MUNITIONS”  INFORMATION  CENTER  (NIMICl 


In  recent  years,  increased  attention  has  been  given  to  weapon  platform  vulnerability  with  special 
emphasis  on  the  adequacy  of  a  munition's  safety  in  a  combat  environment.  For  both  new  and  existing 
munitions,  the  desire  is  to  minimize  a  munition's  sensitivity  to  those  stimuli  associated  with  combat 
environment  and  to  minimize  the  munition's  response  if  it  should  be  initialed  by  these  stimuli. 
Munitions  designed  according  to  these  needs  are  termed  “Insensitive  Munitions.” 

Because  of  the  increased  level  of  interest  nations  were  directing  to  different  aspects  of  “Insensitive 
Munitions",  AC/310  recognized  the  need  to  coordinate  multinational  efforts  to  minimize  unnecessary 
duplication,  share  in  ,iew  methods  for  achieving  safety,  and  provide  the  basis  for  an  acceptable  level 
of  standardization.  To  accomplish  these  needs,  ACG10  proposed  that  a  NATO  “Insensitive 
Munitions'"  Information  Center  (NIM1C)  be  created. 


The  concept  of  a  NIMIC  was  introduced  at  an  AC/310  sponsored  workshop  held  October  1986  in 
London.  England  (Proceedings,  1987).  Tile  workshop  was  conducted  for  members  of  NATO  groups 
that  would  be  interested  in  the  creation  of  a  NIMIC  and  could  provide  AC/310  with  constructive 
feedback  regarding  the  value  of  such  an  information  center  relative  to  existing  NATO  efforts. 
Representatives  from  the  key  NATO  groups  shown  in  Fig.  129  were  present  at  the  workshop. 

The  workshop  discussions  resulted  in  a  recommendation  that  a  NIMIC  be  formed  More 
specifically,  the  recommendation  supported  a  proposal  for  first  establishing  a  Pilot  NIMIC  {PNIMIC] 
which  would  be  located  at  Applied  Physics  Laboratoiy/Johns  Hopkins  University,  Maryland.  After 
the  PNLM1C  had  evolved  into  an  operational  information  center  the  PN1M1C  would  be  transferred  to 
NATO  Headquarters. 

The  PN'IMIC  was  created  when  the  National  Armament  Directors  for  France.  Netherlands, 
Norway,  the  United  Kingdom,  and  the  United  States  signed  a  Memorandum  of 
Understanding  at  the  April  1988  CNAD  Meeting  in  Brussels,  Belgium.  Hie  objectives  of  the 
PN1M1C  are  to  receive,  analyze,  generate,  store,  and  supply  technical  information  on  the 
following  topics: 

(a)  Technical  requirements  for  "Insensitive  Munitions," 

(b)  Methods  and  systems  for  assessing  and  improving  munitions  to  meet  these  requirements, 

!e)  Databases  of  sensitivity  tests  using  explosives  and  munitions, 

(d)  Insensitive  munition  technology  deficiencies  that  prevent  requirements  from  being  achieved 

and  proposals  for  remedial  actions, 

(e)  Recomuendations  for  possible  solutions  or  design  approaches  to  meet  "Insensitive 

Munitions"  development  requirements,  and 

(ft  Techniques  for  facilitating  interactions  among  designers. 

The  operation  of  the  PNIMIC  is  depicted  in  Fig.  131.  Participating  nations,  shown  to  the  right  of 
the  figure,  each  have  munition  specialists  working  at  the  PNIMIC. 

Munition  safety  data  related  to  “Insensitive  Munitions’'  is  provided  to  the  PNIMIC  through  die 
resident  specialist  who  shares  the  data  with  other  specialists  at  the  Center.  The  PNIMIC  staff  does 
more  than  provide  a  library  function',  rather,  the  staff  collects  and  provides  analysis  resulting  in  a 
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product  focused  at  accomplishing  the  objectives  of  the  Center.  Information  and  results  in  the  PNIM1C 
,trc  available  to  participating  nations  as  shown  in  Fig.  131.  The  transfer  of  any  information  from  the 
PNIMIC  to  nonparticipating  nations  must  be  approved  by  the  PNIMIC  Steering  Committee  which 
consists  of  representatives  from  each  participating  nation.  Other  NATO  nations  may  join  the  PNIMIC: 
Lhese  nations  are  depicted  by  the  boxes  on  the  left  of  Fig.  131. 

It  is  anticipated  that  PNIMIC  will  transition  to  NATO  Headquarters  in  the  Spring  of  1991  at  which 
time  it  will  become  the  NATO  "Insensitive  Munitions"  Information  Center  (NIMIC). 
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8.  FUTURE  NEEDS 


8.1  INTRODUCTION 

This  AGARDograph  does  no!  present  the  final  understanding  for  hazards  associated  with  solid 
propellant  rocket  motors.  Rather  it  represents  the  status  of  hazards  of  solid  propellant  rocket  motors 
as  of  1  January  1989.  Progress  has  been  rapid  in  this  field  in  the  last  several  years  and  it  is  anticipated 
that  this  acceleration  will  continue  and  increase. 

Perhaps  the  most  significant  contribution  the  AGARDograph  makes  is  to  put  fundamental 
technical  areas  in  pcrs[>ective  relative  to  rocket  motor  hazards  threat  areas.  This  is  done  through  the 
introduction  of  die  Hazard  Analysis  Protocol  concept  (see  Chapter  4).  This  concept  presents  a  logical, 
technically  sound  approach  for  addressing  threats.  It  introduces  the  fundamental  technical  areas 
important  to  hazards  are  introduced  through  the  identification  of  test  methods  and  analysis. 

8.2  HAZARD  ANALYSIS  PROTOCOL  CONCEPT 

The  Hazard  Analysis  Protocols  have  not  been  completed  for  all  threats  of  importance  to  solid 
rocket  motors.  In  this  AGARDograph,  only  fragment  impact  is  complete  in  that  it  includes  all  four 
phases  of  die  concept.  Since  the  time  this  AGARDograph  was  assembled,  much  further  work  has 
been  conducted  on  the  fragment  impact  protocol  (notably  by  James  and  co-workers  in  the  United 
Kingdom),  the  shaped  charge  jet  protocol  (Chick  of  Australia,  Frey  of  the  United  States,  and  James  of 
the  United  Kingdom),  electrostatic  discharge  (Covino  and  Dteitzler  of  the  United  States,  Hainment  of 
tiie  United  Kingdom).  In  addition  protocols  for  cook  off  and  sympathetic  detonation  have  been 
developed.  Much  of  this  protocol  development  as  well  as  identification  of  deftciences  and 
establishment  of  technical  collaborative  studies  to  overcome  the  deficiences  has  been  done  within  the 
Technical  Cooperation  Program  W  Action  Group  1 1  on  The  Hazards  of  Energetic  Materials  and  their 
Relation  to  Munitions  Survivability. 

Work  is  continuing  in  all  of  these  areas  and  it  is  anticipated  dial  the  protocols  will  continue  to 
evolve  as  additional  knowledge  is  gained. 

8-3  LABORATORY  TESTS  AND  ANALYSIS 

Many  test  methods  used  to  evaluate  energetic  material,  such  as  solitl  propellants,  are  of  a  go/no-go 
nature  and  do  not  provide  the  necessary  cpiantitative  data  to  allow  calculations  and  analyses  prescribed 
by  the  Hazard  Analysts  Protocols.  A  need  exists  to  aiidress  all  of  the  threat  Hazard  Analysis 
Protocols  and  identify  deficiencies  and  weaknesses  from  a  test  and  analysis  standpoint.  Where 
weaknesses  are  identified,  research  studies  should  be  initiated  to  provide  the  data  necessary  to 
eliminate  the  deficiencies.  Chapter  5  presents  some  of  the  most  significant  areas  where  additional  data 
are  needed  and  research  studies  are  being  conducted. 

8.4  MITIGATION  APPROACHES 

Chapter  6  presents  some  methods  for  mitigating  unwanted  reactions  when  solid  rocket  motors  are 
subjected  to  tlircats.  As  more  is  learned  aboul  the  fundamental  nature  of  solid  rocket  behavior  in  a 
threat  environment,  new  mitigation  methods  will  be  made  available.  Since  Chapter  6  was  written, 
several  efforts  in  mitigating  sympathetic  detonation  have  been  performed.  The  one  effort,  utilizing  the 
1  hazard  Analysis  concept,  uses  a  computer  program  called  FR  AGMAP  This  progam  has  been 
presented  to  the  NATO  insensitive  Munitions  Information  Center  (N'lMIC)  (Wagcnhals,  1990).  A 
separate  area  of  study  that  must  be  addressed  in  the  future  is  the  understanding  of  tradeoffs  between 
hazard  mitigation  anil  parameters  such  as  cost,  performance,  and  producibility  of  rocket  motors. 

8.5  FUTURE  PROPELLANTS 

Past  methods  for  ranking  solid  propellants  are  inadequate  for  discussion  involving  solid  rocket 
motor  hazards.  In  the  past,  solid  rocket  propellants  were  distinctly  different  from  high  explosives. 
Today,  the  ingredients  and  formulations  for  solid  propellants,  used  in  rockets,  and  high  explosives, 
used  in  warheads  and  bombs,  are  not  markedly  different  for  some  systems.  Accordingly, 
classification  of  propellants  separate  from  high  explosives  doesn’t  recognize  the  fact  that  some  solid 
propellants  and  high  explosives  have  almost  the  same  combination  of  ingredients. 

New  approaches  are  needed  for  ranking  solid  propellants,  and  perhaps  all  energetic  materials. 

One  possible  scheme  to  classify  cast  double-base  propellants,  proposed  by  a  principal  propellant 
developer  in  the  UK,  is  presented  in  the  following  paragraphs 

8.5.1  Families  of  Pnireiiimts 
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A  propellant  developer  will  generally  be  involved  simultaneously  in  work  on  a  number  of 
formulations  of  the  same  general  type,  i.e.,  based  on  the  same  manufacturing  process,  and  using  the 
same  chemical  system  as  the  principal  source  of  energy  and  gaseous  products,  but  differing  in  minor 
ingredients  (stabilizer,  burning  rate  catalyst,  etc,)  and  in  the  proportions  of  the  various  ingredients.  In 
connection  with  qualification  in  terms  of  STANAG  4170  he  will  seek  guidance  from  the  National 
Authority  on  which  Of  these  constitute  new  propellants;  he  will  wish  to  minimize  the  number  of 
propellant  compositions  subjected  to  a  detailed  qualification  program  since  this  is  an  expensive  and 
time-consuming  process,  involving  a  wide  range  of  testing  procedures.  This  problem  has  been 
receiving  attention.  The  aim  of  a  National  Authority  should  be  to  give  advice  as  early  as  possible  and 
this  conflicts  with  the  need  to  ensure  that  the  assessment  is  conducted  on  data  which  apply  to  the 
propellant  actually  going  into  service  Changes  in  formulations  may  occur  late  in  development,  for 
example  to  facilitate  production  or  to  adjust  performance  characteristics,  etc.  A  re-evaluation  of  any 
earlier  safety  assessment  is  then  required  and  consideration  must  be  given  to  the  need  for  repeat,  albeit 
limited,  testing  of  compositions. 

It  is  clear  therefore  that  an  overall  aim  to  provide  a  wide  range  of  potentially  "on  the  shelf' 
qualified  propellants  to  meet  the  needs  of  weapons  programs  cannot  be  achieved  without  resorting  to 
classification  by  analogy.  It  should  be  possible  to  establish  a  base  line  of  safety  and  suitability 
characteristics  for  the  most  common  formulations.  For  example,  in  this  a  scheme  proposed  by  a 
principal  propellant  developer  in  the  U  K.  and  agreed  to  by  the  British  National  Authority,  their  ramie 
of  cast  double-base  propellants  are  classified  based  on  binder/filler  combinations  with  selections  of 
additives.  Six  propellant  composition  groups  have  been  identified  and  the  principle  of  "worst  case' 
testing  has  been  proposed,  i.e.,  the  minimum  and  maximum  nitrocellulose/nitroelvcerinc  ratios  of 
each  group  are  taken  and,  where  appropriate,  the  maximum  filler  content  envisaged  in  practice.  The 
resulting  total  of  12  compositions  is  considered  a  minimum  to  establish  a  base  line  for  this  scheme 
which  is  outlined  in  Table  25.  Some  testing  after  aging  is  also  involved.  Any  new  ingredient 
thereafter  will  be  judged  on  its  merits  at  the  time  of  its  proposed  introduction  and  any  requirement  for 
testing  appraisal  propellant  formulations  containing  it  will  need  to  be  decided.  In  this  way  it  is  hoped 
by  the  U.K.  to  reduce  the  testing  and  assessment  of  the  large  numbers  of  possible  cast  double  base 
formulations  that  exist  to  manageable  levels.  To  place  such  compositions  in  a  scheme  of  this  kind  is  a 
major  undertaking.  On  completion  of  this  program,  it  is  anticipated  that  the  degree  of  classification  by 
analogy  will  require  review  and  the  feasibility  of  new  guidelines  will  be  examined  by  the  National 
Board  for  the  definition  of  new  cast  double-based  propellants.  It  has  to  be  stressed,  however,  that  all 
propellants  must  be  considered  on  their  merits  by  the  National  Board,  when  they  are  presented  as 
candidates  for  UK  service.  It  will  not  be  possible  to  give  blanket  clearance  in  advance  and,  for 
individual  cases,  the  National  Board  may  require  a  written  submission  from  the  developer  presenting 
the  arguments  for  classification  by  analogy.  On  the  basis  of  tile  greatly  enlarged  database,  it  is  hoped 
that  a  quick  response  will  be  possible  from  the  National  Board  in  most  circumstances. 

8  6  CONCLUDING  REMARKS 

The  various  authors  hope  that  this  AGARDograph  makes  contributions  to  the  munition  user, 
designer,  and  scientist,  hopefully  bringing  these  groups  closer  together  in  understanding.  We  are  also 
aware  of  many  deficiencies  and  have  attempted  to  point  out  some  of  these  in  the  various  chapters.  For 
example,  there  is  a  critical  need  for  well  defined,  standardized  test  methods,  especially  small  scale 
tests  that  can  be  performed  early  in  the  development  cycle  that  provide  data  for  the  designers.  These 
results  must  give  good  comparison  to  actual  full  scale  tests.  Computer  simulation  and  modeling  of  the 
large  scale  tests  is  critically  needed  so  that  we  don't  have  to  run  so  many  costly  large  scale  tests. 

These  predictions  should  also  aliow  us  to  better  understand  the  phenomena  in  cause  and  effect 
fashion,  and  to  extrapolate  results  from  one  regime  to  others.  We  also  need  belter  ancillary 
experiments  that  allow  us  to  determine  parameters  from  laboratory  experiments,  and  then  fix  these 
parameters  in  other  analyses. 

We  hope  that  this  AGARDograph  is  helpful  to  the  users  and  stimulates  others  to  continue  work  in 
these  areas. 
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Table  25  Proposed  Scheme  of  Propellant  Composition  Groupings. 

(Example) _ 
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As  Group  I 
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As  Group  4 

As  Group  4 

.  ■ 

As  Group  1 

As  Group  1 

As  Group  1 

As  Group  1 

As  Group  1 

Explosive 

I  xxi  ding 

Nil 

0  to‘4(H 
nitramine 
(such  as 
RDX) 

0  to  40% 

nitramine 

(such  as 

RDX) 

AluminunV 

Ammonium 

Perchlorate 

Nil 

|  NOTE:  Some  concern  has  been  expressed  over  grouping  in  the  same  family  propellants 
having  0  to  40%  nitramine  (such  as  RDX).J 


Similar  classifications  into  groups  can  be  made  for  extruded  and  rubbery  composite  propellants 
and  some  progress  on  base  line  characterization  has  been  made  in  these  areas. 
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ANNEX  I 


DIFFERENT  WAYS  OF  SAFETY  ASSESSMENT 

There  are  different  philosophies  of  safety  assessment.  According  to  the  approach  used,  the 
meaning  of  the  words  <safe>  and  <safety>  may  differ: 

A.  In  the  terms  of  a  deterministic  approach  there  exists  a  safe  system,  if  undesired  events  are  to  be 
completely  excluded  under  given  circumstances.  The  intended  goal  is  to  identify  till  possible  risks  in 
order  to  avoid  them. 

B.  In  the  terms  of  a  probabilistic  assessment  there  exists  a  safe  system,  if  specific  unde.sired  events 
under  given  circumstances  are  below  a  given  and  prescribed  low  probability  of  occurrence  in  order  to 
get  most  favorable  combination  with  reliability. 

In  the  terms  of  a  Quantitative  analysis  a  system  is  safe,  if  the  risk  in  the  terms  of  probability  of 
accident  x  consequential  loss  is  less  than  a  prescribed  value.  Risks  are  ranked  according  to  their 
severity  of  consequences  in  order  to  minimize  the  potential  hazard  i.e.,  to  improve  the 
countermeasures.  It  is  to  be  remarked,  that  there  exist  an  individual  and  a  public  risk  which  are 
different.  While  the  individual  risk  near  an  explosion  in  a  city  remains  the  same,  the  public  risk 
increases  as  density  of  population  increases. 

A.  DETERMINISTIC  METHODS 

The  methods  of  this  class  are  mainly  used  in  systems  design.  The  principles  of  work  are  careful 
thought,  and  the  use  of  formal  aids  and  tables  (check  lisls). 

USE  OF  SAFETY  MARGINS 

Mainly  for  constructional  purposes,  like  die  strength  of  material,  safety  margins  are  a  measure  of 
the  designed  and  required  strength  of  a  component.  Also  sometimes  this  principle  is  used  in  the  case 
of  sensitivity  to  onset  of  ignition  or  initiation  of  energetic  materials.  In  this  ease  irregulations  occur  it 
the  response  of  the  material  does  not  follow  the  severity  of  the  stimulus.  Therefore  this  method  is 
limited  to  classical  systems,  where  the  steps  of  development  remain  small.  Safety  margins  must  be 
adjusted  following  further  mishaps  and  investigations. 

SINGLE  ERROR  CONCEPT 

Coming  from  the  demand  that  a  system  must  work  even  if  a  single  independent  error  is  present, 
which  induces  under  adverse  circumstances  further  ones,  one  comes  to  avoid  this  to  a  redundant 
system.  Here  the  existence  and  not  the  severity  of  die  error  is  of  importance.  This  mediod  is  mainly 
in  use  for  electronic  firing  systems. 

The  following  methods  can  be  used  to  analyze  the  behavior  of  a  system. 

RELATIONSHIP  CHARTS: 

Binary  interdependences  are  sketched  in  a  matrix,  see  Figure  A. 1. 1 . 

Fields  of  problems  are  to  be  evaluated.  The  main  advantage  of  this  chan  is,  that  no  point  may  be 
forgotten.  Each  square  corresponds  to  a  principal  possible  binary  interaction. 

An  example  of  this  method  is  the  study  of  chemical  compatibility  between  a  propellant  and  its 
contact  materials. 

FAILURE  MODE  AND  EFFECTS  ANALYSIS: 

A  failure  of  a  single  component  and  the  effects  of  this  are  considered.  Complete  understanding  of 
die  system  is  essential,  and  knowledge  of  the  interdependences  with  adjacent  systems  or  the 
environment  is  essential.  This  may  be  done  for  each  subsystem.  Examples  are  given  below. 

FAILURE  ANALYSIS  OF  SUBSYSTEMS: 

At  an  early  stage  of  development  the  effect  of  failure  of  a  subsystem  is  evaluated  with  respect  lu 
the  main  systems  response. 
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Figure  A.I.I.  Relationship  Chan  of  Conceivable  Binary  Interactions. 


PRELIMINARY  HAZARD  ANALYSIS. 

By  experience,  checklists  of  intuitively  dangerous  elements  by  themselves  or  in  conjunction  with 
other  elements  are  listed.  Sources  uf  possible  hazards  and  their  mitigation  are  evaluated.  This  is  done 
at  a  very  early  stage  of  design. 


HUMAN  ACTION  ERROR  ANALYSIS: 


This  analysis  evaluates  the  human  reactions  to  a  system,  such  as  in  maintenance,  transport, 
storage,  etc.,  also  personal  escape  ways  are  considered  The  results  arc  part  of  the  operational 
instructions. 


All  human  actions  on  the  system  at  any  time  are  to  be  considered  Something  may  be  done:  ( 1 ) 
not  at  all,  (2)  not  adequately,  (3)  too  early,  <4>  too  late,  or  (5)  erroneously. 

This  analysis  is  complicated  and  ergonomic  experience  is  required. 

INFORMATION  DEFICIT  AND  EFFECTS  ANALYSIS: 


The  procedure  is  similar  to  that  above,  and  a  sheet  may  be  used.  The  goal  is  to  identify  all 
necessary  information  and  prescriptions  for  safe  use  of  the  system. 

Faults  occur  if  information  is:  (1)  wrong,  (2)  not  relevant  to  the  case  considered,  (3)  not  clear  or 
misleading,  (4)  too  general  or  incomplete,  or  (5)  not  present  at  the  right  plac'd  when  needed. 

This  analysis  is  adequate  during  the  period  of  design.  In  combustion  and  detonation  science  these 
faults  are  very  frequent. 

HAZARD  AND  OPERABILITY  STUDIES  (I  IA/jOP): 

The  goal  is  to  predict  and  to  find  out  the  reasons  of  faults  for  estimating  the  consequences  and 
finding  out  suitable  ways  to  avoid  them.  Similar  to  the  Failure  Mode  and  Effects  Analysis  one 
follows  the  flow  of  action(s)  using  key  words.  |What  happens  if  something:  ( 1 )  not  or  no,  (2)  more 
or  less,  (3)  as  well  as  well,  (4)  partly,  (5)  the  reverse  or  opposite,  or  (6)  otherwise  than  occurs.]  The 
reasons  and  effects  are  evaluated. 


B.  PROBABILISTIC  METHODS 

These  are  methods  of  reliability  technology.  It  is  interesting  dial  about  1960  the  fault  tree  analysis 
had  been  first  introduced  for  predicting  accidents  in  the  military  missile  program. 

FAULT  TREE  ANALYSIS: 

In  the  fault  tree  analysis  the  undesired  event,  like  fire  or  explosion,  is  given  and  one  searches  for 
all  reasons  leading  to  this.  The  single  probabilities  of  the  single  events  are  evaluated  for  estimating  the 
undesired  events  probability.  Whereas  this  method  leads  to  quantitative  results  in  the  case  of 
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mechanistic  models,  where  failure  probabilities  are  (in  principle)  defined  and  declarable,  in  chemical 
processes  and  detonics  only  poor  and  qualitative  results  are  obtained.  The  reason  is,  that  chemical 
events  on  many  factors  depend  gradually, which  may  develop  gradually.  Therefore  probabilities  are 
not  adequate. 

INCIDENT  SEQUENCE  ANALYSIS  (CAUSE-CONSEQUENCE  ANALYSIS): 

Contrary  to  the  fault  tree  analysis  in  the  incident  sequence,  all  undesired  events  are  evaluated 
which  result  from  a  specified  cause  (trigger  event).  One  may  construct  event  trees  or  event  networks 
(Figure  A. 1.2). 
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Figure  A.  1.2.  Analysis  of  the  Risk  of  an  Actor  Forgetting  His  Lines. 
COMPARISON  OF  THESE  METHODS: 


It  is  evident  that  in  the  case  of  energetic  materials  at  the  best  one  comes  to  3  or  4  levels  of 
interpretation  only.  Due  to  the  multip3rametric  behavior  and  the  fact  that  the  controlling  parameters  are 
w  ithin  the  substance,  no  prevention  is  possible  besides  the  trivial  case  of  cooling.  In  the  majority  of 
cases  we  cannot  attribute  failure  probabilities  to  energetic  materials. 

While  the  arguments  in  the  flow  charts  do  hold  in  principle,  the  quantitative  details  may  be  obscure 
in  the  case  under  consideration.  As  a  further  example  take  the  Analysis  of  Attack  by  a  Shaped  Charge 
Jet.  Figure  3.5  in  this  Chapter  3  of  the  AGARDograph.  In  this  event  tree  the  deciding  question  on  the 
critical  diameter  is  settled.  While  this  criterion  is  physically  true,  the  numbered  aspects  remain 
obscure  in  the  practical  case.  The  reasons  are  that  ( 1 )  the  area  of  the  shaped  charge  jet  is  not  specified. 
12)  the  critical  diameter  is  not  known  for  the  appropriate  overdriven  state,  and  t3ithe  critical  diameter 
of  the  possible  damaged  propellant  at  normal  initiation. 

So  wc  have  an  accurate  event  tree  of  no  value  for  direct  safety  estimates,  but  we  get  a  feeling  on 
the  influencing  parameters. 

CONSEQUENCE  ANALYSIS 

lMIffiitlElicn 

Consequence  analysis  is  the  part  of  risk  analysis  which  considers  the  physical  effects  and  the 
damage  caused  by  these  physical  effects.  It  is  done  in  order  to  form  an  opinion  on  potentially  serious 
hazardous  outcomes  of  accidents  and  their  possible  consequences. 
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Consequence  analysis  should  be  performed  by  professional  technologists  and  chemists  who  are 
experienced  in  the  actual  problems  of  the  technical  system.  The  logic  chain  of  consequence  analysis  in 
the  process  of  decision  making  is  given  in  Figure  A.I.3. 

The  first  step  in  the  chain  is  a  description  of  the  technical  system  to  be  investigated  In  order  to 
identify  the  undesirable  events  one  is  forced  to  construct  a  scenario  of  possible  incidents.  It  must  be 
pointed  out  that  the  construction  of  a  scenario  is  influenced  by  the  subjective  views  of  the  investigator. 
The  next  step  is  to  carry  out  model  calculations  in  which  damage  level  criteria  are  taken  into  account 
Then,  after  discussion,  conclusions  can  be  drawn. 

Feedback  from  model  calculations  to  the  scenario  is  included,  since  the  linking  of  the  outputs  from 
the  scenario  to  the  outputs  of  models  may  cause  difficulties.  There  is  also  another  feedback,  viz,  from 
damage  criteria  to  model  calculations  in  case  these  criteria  should  be  influenced  by  possible  threshold 
values  of  the  legislative  authorities. 


Figure  A. 1.3.  I-ogic  Chain  of  Consequence  Analysis. 

Eflsa&uffiia  Mofri 

N  Physical  effects  result  from  corresponding  physical  phenomena.  The  effects  can  be  calculated  by 

means  of  effect  models  m  which  the  vulnerability  of  the  environment  is  not  taken  into  account.  The 
most  important  effect  models  are;  (1)  electrical  discharge,  (2)  discharge  of  liquids,  gases,  and  vapor, 
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(3)  discharge  of  two-phase  flows,  (4)  evaporation  of  liquids  on  land  and  on  water,  (5)  dispersion  of 
neutral  and  Heavy  gases,  (6)  heat  radiation  of  burning  pools,  flash  fires,  flames,  and  BLEVES,  and 
(7)  explosion  of  vapor  clouds. 

Hazard  Resnlt/Damage  Models 

In  the  preceding  effect/output  models,  the  damage  to  the  environment  was  not  taken  into  account 
This  damage  can  he  assessed  by  means  of  models  which  are  discussed  in  terms  of  explosion  damage, 
fire  damage,  and  toxic  injury. 

For  the  assessment  of  damage,  the  U.S.  Coast  Guard  Vulnerability  Model  is  frequently  used.  It  is 
a  deterministic  non-stochastic  model  which  predicts  the  catastrophic  damage  to  people  and  property 
resulting  from  physical  phenomena.  In  Table  A.I.l.  a  survey  is  given  of  the  model. 

Table  A.I.l.  U.S.  Coast  Guard  Vulnerability  Model. 


Damage  causing 
event 

Cause  of 
injury  or  damage 

Vulnerable 

resource 

Type  of  injury  or  damage 

TOXICITY 

Toxic  vapour: 
concentration  or 
cumulative  dose 

People 

Death 

Non-lcthal  injury 

Irritation 

EXPLOSION 

Direct  blast 

Impact 

Dying  fragments 
Two  of  more  of 
the  above 

People 

Structures 

Death 

Non-lcthal  Eardrum  nipt ure 
injury  Bone  fracture 

Puncture  wounds 
Multiple  injury' 
Stnictural  damage 

Glass  breakage 

POOL  BURNING 

Thermal  radiation 

People 

Structures 

Death 

First  degree  bum 

Ignition 

FLASH  FIRE 

Thermal  radiation 

People 

Structures 

Death 

First  degree  bum 

Ignition 

By  using  this  vulnerability  model  tile  type  of  damage  can  mostly  be  calculated  with  so-called 
probit  functions.  A  probit  function  is  a  measure  of  the  percentage  of  the  vulnerable  resource  that  is 
affected.  As  compared  to  probabilistic  models  the  vulnerability  model  estimates  the  maximum 
consequences  of  an  incident.  It  is  a  drawback  that  in  the  hazard  resultAinmage  model  most  assessing 
methods  are  based  on  surface  bursts  of  nuclear  weapons  and  on  thermal  pulses  from  the  same 
sources. 

Accuracy  in  Models  Mentioned 

In  general  for  most  effect  models  the  following  limitations  hold: 

-  Models  are  based  on  idealized  systems. 

-  Models  are  only  verified  by  small-scale  experiments. 

-  In  models  influences  of  environment  (obstacles,  constructions,  buildings,  etc.)  are  neglected. 

In  view  of  the  above  limitations  it  is  not  surprising  that  physical  models  do  .lot  permit  a  high  standard 
of  precision. 

Concerning  the  hazard  result/damage  models  it  can  be  stated  that  they  are  in  an  early  stage  of 
development  and  up  to  now  sufficient  validation  has  not  been  carried  out.  They  have  been  developed 
for  ease  of  use,  computational  economy  and  high  problem  transparency.  They  are  by  no  means  as 
precise  or  accurate  a  simulation  as  would  be  possible  with  current  technology  and  it  should  be 
possible  to  imagine  simulations  of  higher  fidelity. 
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In  conclusion  tin  accuracy  of  consequence  models  can  be  summarized  as  follows:  This  analytical 
exercise  might  be  considered  to  be  objective.  However,  it  must  be  realized  that  because  of  the  large 
body  of  assumptions,  estimates,  judgments,  and  opinions  involved  much  of  the  input  information  is 
often  subjective.  Because  of  this  there  is  a  tendency  for  the  analyst  to  "err  on  the  side  of  caution,” 
thereby  giving  a  deliberate  bias  to  the  assessment  and  overestimating  the  risk. 

At  present,  considerable  skill  is  needed  to  interpret  the  results  produced  by  quantified  risk 
analyses.  In  the  present  state  of  development  these  techniques  should  only  be  used  by  those  who 
understand  their  limitations  and  then  only  with  caution. 

It  is.  of  course,  important  to  realize  that  there  is  no  absolute  standard  of  safety.  One  could  have  a 
requirement  of  safety  in  the  sense  of  legal  regulations,  which  in  the  view  of  a  safety  expert  would  still 
leave  considerable  risk  in  comparison  with  what  is  technically  possible.  Also,  for  large  consequence, 
low  frequency  type  of  event  such  as  a  nuclear  reactor  incident  a  very  sophisticated,  scientific  approach 
could  be  required. 
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ANNEX  II 


DETONATION  PHENOMENA  IN  CHARGES  WITH  AN  AXIAL  HOLE 

Introduction 

Selle  (1932)  started  the  interest  on  the  investigation  of  detonation  phenomena  of  charges  with  an 
axial  hole,  or  axially  cavitated  cylinders.  Independently  Ahrens  (1938-1945)  in  Germany  and 
Woodhead  and  Titman  (1939-1945)  in  England  conducted  very  detailed  investigations  without  any 
theory  or  model  as  a  guide, 

The  detonic  behavior  of  cavitated  charges,  maybe  internal  as  an  axial  hole,  or  external  as  an  air 
gap,  let  say  a  gap  between  a  cartridge  and  the  bore  hole,  is  considerably  different  from  that  of  a 
homogeneous  charge.  Significant  increases  or  decreases  of  "sensitivity"  may  be  observed,  and  these 
alterations  are  not  unidirectional.  Since  in  the  case  of  a  detonating  rocket  motor  both  cases  may 
become  important,  some  experimental  facts  from  small  scale  experiments  on  high  and  commercial 
explosives  are  skelched  with  the  intent  to  illuminate  the  considerable  gap  of  knowledge  forjudging 
these  relevant  safely  problems  in  the  real  problems  under  consideration.  Furthermore,  critical 
diameter  aspects  of  full  cylindrical  charges  do  not  hold  in  this  case  (Mallory,  1987). 

Experiments 

Cylinders  with  an  axial  hole  show  an  increased  plate  penetration  compared  with  a  full  size 
cylinder.  Accordingly,  the  brisance  value  according  to  Kast  is  increased,  not  constantly,  but  as  a 
function  of  the  sensitivity  of  the  explosive,  and  the  size  of  the  hole,  where  also  a  decrease  gets 
possible.  The  relative  value  is  largest  for  an  insensitive  explosive  like  TNT  and  decreases  as 
sensitivity  increases  in  the  order  TNT  -  picric  acid  -  tctryl  -  PETN  with  wax  RDX  -  PETN. 

Whereas,  the  crushing  of  the  copper  cylinders  is  about  constant  for  different  lengths  of  full  charges, 
this  value  depends  on  the  length  of  the  charges  with  axial  holes,  Between  4  and  40  cm  length  of  the 
charge  there  is  a  factor  of  6. 

'Pie  hole  acts  also  ballistically.  A  steel  ball  of  5  mm  diameter  at  the  end  of  a  80  cm  long  charge  of 
TNT  of  an  outside  diameter  of  21  mm  and  hole  diameter  of  4  mm  acquired  a  velocity  between  4.200 
nd  4.500  nt/s.  Leibcr,  1968,  had  not  been  able  to  reproduce  this  etTccl  with  short  charges. 

The  detonation  velocity  Dj,  had  been  determined  optically  from  the  reaction  luminosity. 
Apparently  this  value  is  relatively  independent  from  the  density,  is  constant,  but  changes  from 
experiment  to  experiment,  see  Table  A.U.l.  Dg  increases  as  charge  asymmetries  increase.  If  the  end 
of  the  charge  is  open,  this  velocity  is  lower  than  if  closed.  And  another  behavior  in  detonation 
velocity  Dz  is  obtained  for  mixed  charges  (full  cylinder  and  axial  hole  cylinders).  These  effects 
disappear,  if  the  cavity  is  tilled  with  water  (Kirsch,  Papineau  Couture,  Winkler,  1948). 


Table  A.IM.  Detonation  velocities  of  full  cylinders,  outside  diameter  21  mm, and  axial 
cavitated  charges  of  4  mm  inside  diameter,  and  mixed  charges(axial  cavitated 
cvlinder/full  cylinder)  according  to  Ahrens,  1965. 
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TNT 

1.44 

r 

1.50 

6.920 

7.160 

1.55 

6.800 

7.060 

PETN 

1.40 

7.100 

9480 

1.50 

7,480 

9.800 

1.55 

7,630 

9.860 

1.60 

7.780 

8.570 

9.880 

1,66 

7,960 

8.580 

10.210 

Contrary  to  the  homogeneous  high  explosives,  where  usually  Dj,  >  D,  in  the  case  of  commercial 
explosives  mostly  the  opposite  behavior  D|,  <  D  is  observable. 

The  differences  in  crushing  (Kast)  do  not  correlate  with  the  value 
(Dh  -  D)/D,  where  D  is  the  detonation  velocity  of  the  full  cylinder,  whereas  the  detonation  transit  times 
behave  additively.  Not,  however,  if  the  charge  is  mixed  with  full  cylinders  and  cylinders  with  a  hole, 
see  Table  A.ll.l,  In  this  latter  case  detonation  velocity  depends  on  the  density. 

If  in  the  case  of  PETN,  density  1.5,  the  inside  of  the  hole  is  lined  with  a  lead  foil,  and  the  ends  are 
open,  the  detonation  velocity  Dj,  lowers  to  8320  m/s  compared  to  Dh  -  8680  irt/s,  whereas  in  the 
case  of  covering  only  the  ends  of  the  charge  with  lead  the  velocity  rises  to  Dj  =9120  m/s. 
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If  the  hole  is  lined  throughout  with  lead  one  gets  Dj,  =  7650  m/s,  compared  to  the  value  D  = 
7480  m/s  for  a  full  cylinder.  If  only  three  quarters  of  the  circumference  of  the  hole  is  covered,  one 
gets  on  the  uncoveted  side  Dh  =  81 10  m/s,  and  on  the  covered  side  7390  m/s. 

If  the  charge  is  periodically  interrupted  with  foils  of  inert  materials,  the  detonation  velocity  Dg 
depends  on  the  area  density  of  this  material.  If  this  area  density  r  <  0.005  g/cm2  no  influence  is 
observed.  If  r  >0.008  g/cm2,  jump  of  Dh  is  obtained  again.  For  the  case  r  >  3  g/cm2  the  detonation 
velocity  D  of  the  full  cylinder  is  obtained.  This  effect  depends  on  the  distances  of  the  disks,  and  is 
greatest  for  40  mm  in  the  case  investigated,  above  this  value  a  decrease  is  obtained  again. 

Luminous  Phenomena 

At  the  end  of  a  TNT-charge  with  an  axial  hole  a  first  luminosity  with  a  velocity  of  9470  m/s  had 
been  emined  compared  to  the  detonation  velocity  D*  =  7030  m/s.  A  bit  later  a  further  luminous 
component  had  been  released  with  a  longer  range  of  distance  appears.  Both  events  depend  on  the 
charge  length,  sensibility,  and  brisance  of  the  explosive.  Sometimes  even  an  advance  initiation  of 
detonation  is  induced. 

Very  large  velocities  are  obtained  in  vacuum,  see  Table  A.1I.2,  where  the  differences  in  time 
between  the  first  and  second  flash  go  up  to  50  ps. 


Table  A. 11.2  Velocities  of  the  luminous  events  leaving  the  eavitated  charge  in  vacuum 
according  to  Ahrens  (1965). 
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TNT 

L55 

4 m 

17.040-15.400 

13.160  -  080 

200/3 

17.080  -  14.980 

12.480  -  5.060 
18.380 

PETN 

1.50 

800/0 

7.760 

8.600 

- 

13.900  -  6.300 
15.700 

800/6 

8.470 

18.580 

13.420  -  4.900 
23.340 

These  luminous  ejecta  may  correspond  to  Cooks  heat  pulse,  responsible  for  initiation.  For 
further,  more  extensive  summary,  with  some  attempts  at  explanations,  see  Johansson  and  Persson 
(197(1). 
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ANNEX m 


Background 

It  has  been  known  and  accepted  for  a  long  time  (Bowden  and  Yoffe,  1958)  that  a  weak  stimulus 
initiation  to  detonation  follows  a  path,  sketched  in  Figure  A. Ill.  1 .  Whereas  some  of  the  mechanisms 
leading  to  a  linear  burning  are  resolved,  still  the  phenomena  of  turbulent  burning  are  less  well 
understood.  If  the  rate  of  chemical  decomposition  increases  further,  suddenly  a  regime  is  entered, 
where  a  pressure  coupled  chemical  decomposition  takes  place,  and  it  is  not  unusual,  that  even  a  steady 
state  is  possible  under  ideal  circumstances.  Such  events  art:  observable  in  liquids  as  well  as  in  solids, 
and  are  characterized  by  a  detonation  pressure  of  the  order  5  to  20  kbar,  and  velocities  of  low 
detonation  ordering  to  1000  up  to  2500  m A  (Brown  and  Collins,  1967;  Belyaev  and  others,  1975, 
and  Leiber,  1982).  Depending  on  the  confinement  and  other  factors,  suddenly  a  transition  from  I.ow 
to  High  Velocity  Detonation  (HVD)  can  take  place,  where  the  pressures  reach  hundreds  of  kbar,  and 
the  velocities  order  to  >  6000  m/s. 


:  Tk - 


Figure  A. 111.1.  Transition  front  Weak  Stimuli  Up  to  Detonation.  The  most 
weak  stimulus  which  leads  to  an  escalation,  governs  sensitivity.  Therefore 
any  event  on  the  r.ght-hand  side  of  linear  bunting  ntay  lead  to  hazards. 

Low  Velocity  Detonation  (LVD)  can  under  circumstances  he  more  dangerous  titan  the  HVD.  The 
reason  is,  tltc.t  large  low  velocity  debris  can  reach  a  larger  width,  up  to  2(XX)  m,  than  small  high 
vtloc  ty  debris,  w  ith  a  fragment  distance  of  about  600  m. 

Usually  tests  are  done  with  relevance  to  ignition  and  HVD  events  only.  Coming  from  Figure 
A.IJ1.1  this  is  at  least  for  HVD-tests  not  conclusive,  since  any  escalating  process  cannot  be  judged 
from  the  final  state  of  the  HVD.  If  escalation  is  to  be  envisaged,  the  weakest  stimulus  is  decisive  for 
any  safety  consideration,  and  it  is  necessary  to  know  mechanisms  which  lead  to  initiation  of 
detonation.  Furthermore  classical  models  often  imply,  that  sensitivity  is  a  matter  of  the  chemical 
composition,  whereas  LVD-  or  more  general  explosion-risks  arc  Controlled  by  the  mechanical 
properties  of  the  whole  system.  Therefore  often  even  generic  tests  may  fail  to  predict  hazards. 

To  get  ideas  on  hazards  we  have  two  options: 

1 .  Safety  tests,  where  the  most  severe  problem  is  to  find  adequate  tests  focussing  the  real 
problems  under  consideration,  which  often  are  not  specified.  Even  if  this  is  realized,  the  test 
confidence  of  the  gtVno  go  type  is  poor.  The  reason  is,  that  we  should  exclude  undesired  events  with 
a  high  reliability.  The  consumer  risk  must  be  much  lower  than  the  producer  risk.  To  realize  this  is 
practically  impossible  by  go/no  go  tests.  Leiber,  19X6,  gives  more  details. 

CRITICISM  OF  ‘SAFETY  TEST'  METHODS 

For  avoiding  such  disasters  like  that  of  the  USS  Forreslal,  we  are  interested  in  the  question, 
whether  such  tests  are  comprehensive.  In  other  wotds,  we  face  the  question  whether  there  are  weak 
or  strong  correlations  between  safety  tests  arid  accidents. 

Actually  we  have  no  chance  to  answei  Jiis  question  for  the  variety  of  rocket  motor  materials,  since 
these  are  too  sensitive  to  always  allow  the  reasons  of  accidents  to  be  evaluated.  Requirements  for  a 
test  substance  to  investigate  this  arc; 

•  homogeneous  material, 

•  material  long  in  use,  ami  much  experience  with  it, 

•  material  involved  in  the  past  in  several  accidents, 

•  material  at  the  low  end  of  the  explosives  sensitivity  scale. 

Examples  of  such  candidate  materials  are  calcium  hypochlorite,  alkaline  chlorates  and 
perchlorates,  and  ammonium  nitrate.  Whereas  the  above  chlorates,  perchlorates,  and  nitrates  in 
accidents  tend  to  explode,  calcium  hypochlorite  tends  to  bum. 
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We  have  chosen  alkaline  chlorates  due  to  the  common  but  erroneous  understanding  that  neat 
alkaline  chlorates  without  combustibles  would  always  fail  to  detonate.  Furthermore,  a  great  number 
of  international  test  results  exist,  done  over  a  long  period  of  time,  exceeding  in  number  and  type  by  far 
those  on  propellants,  and  wc  have  15  case  histories. 

Chlorate  explosions  mostly  had  been  caused  by  external  fire  in  storage,  where  catastrophic 
consecutive  explosions  occurred  with  cratering.  Even  mechanical  stimulation  is  possible,  so  a  drum 
falling  from  the  table  to  the  floor  leads  to  cratering. 

Tests,  even  on  a  whole  drum  failed  to  demonstrate  explosivcne-ss  of  sodium  chlorate.  Even 
boosting  a  1  (XI  kg  drum  with  a  10.6  kg  charge  of  blasting  gelativc  failed  to  detonate  it  as  did  burning 
tests  with  and  without  combustibles. 

Positive  tests  had  been  a  bon  fire  test  in  the  ton-scale  with  several  consecutive  explosions;  in 
addition,  a  Low  Velocity  Detonation  test  (with  boosters  down  to  10  gm  TNT)  of  analytical  grade 
sodium  and  potassium  chlorate  in  heavy  confinement  produced  rates  between  1000  and  2(XX)  m/s  and 
very  deep  dents  in  lead  plates. 

Since  all  other  tests  failed  except  the  above,  the  two  positive  tests  are  not  to  be  linked  with  the 
apparent  accident  stimulations.  We  conclude  that  there  is  generally  only  a  weak  correlation  between 
test  results  and  real  life  accident  causes.  Possibly  we  are  ignoring  in  die  tests  questions  such  as  the 
critical  diameter  and  very  weak  stimulations  as  the  cause  of  accidents. 

We  do  not  know  any  reason  why  this  situation  should  be  more  favorable  in  die  case  of  more 
sensitive  materials  like  rocket  motors  or  even  insensitive  high  explosives.  The  result  is  that  we  w  ill 
possibly  t>e  able  to  develop  insensitive  explosives  according  to  the  current  specification,  but  these  do 
not  address  the  prevention  of  accidents  like  those  of  live  John  Forrestal  type. 

2.  To  compensate  the  test  reliability  a  little,  we  may  use  former  experience,  often  absent  in  the 
case  of  new  ventures,  and/or  theory  or  models.  Unexpected  hazards  may  indicate  the  poor  state  of  the 
art.  However,  if  we  follow  up  the  reasons  of  this  error,  we  have  the  opportunity  to  improve  our 
knowledge.  We  only  learn  from  errors,  not  from  the  "truth.” 


PROBLEMS  WITH  THE  THEORY 

As  outlined  in  Section  5.3  some  ideas  exist  on  the  mechanism  of  burning.  Paths  of  possible 
escalations  are  scarcely  resolved-  Insight  in  pulsating  combustion  is  at  its  best  crude.  The  well 
established  steady  state  thermohydrodyratruc  laminar  plane  wave  theory  of  HVD  does  not  address 
these  problems.  Nevertheless  it  is  an  excellent  engineering  tool  for  estimations  of  steady  state 
detonation  Unfortunately  this  too!  is  so  excellent  that  many  detonation  researchers  are  not  aware  of 
its  estimative  character.  This,  however,  becomes  obvious  in  safety  considerations.  The  reason  of  this 
is  that  thermodynamics  is  used,  which  quite  naturally  does  noi  contain  mechanisms  which  may  be  at 
work  in  the  detonation  zone.  A  characteristic  shortcoming  of  this  steady  state  model  is  that  neither  the 
transition  from  burning  to  detonation  (DDT)  nor  the  existence  of  an  LVD  is  to  be  seen  as  a 
consequence  of  this  classical  theory.  Therefore  in  the  US  such  phenomena  often  are  called  pressure 
wave  accompanied  combustion  or  the  like.  Contrary  to  USA,  in  Russia  on  this  mailer  considerable 
progress  has  been  obtained  (Belyaev  and  others,  1975).  As  a  matter  of  fact  appears  the  strong 
influence  of  the  confinement,  which  controls  die  stability  of  LVD.  Contrary  to  the  usual  US 
assumptions  not  the  impedance,  but  the  strength  of  the  confinement  is  important  for  stability  and  also 
for  obtaining  LVD  for  dense  solid  energetic  materials  and  final  transition  to  HVD.  Curiously  enough, 
the  detonation  velocity  appears  to  be  a  strong  function  of  the  wall  thickness.  T  ypically  the  initiating 
pressure  is  low,  and  no  safe  low  end  up  to  now  is  known.  German  experiments  have  shown  that  an 
explosive  blow  of  the  order  of  8  bar  may  initiate  warm  niirometliane  (Wild,  19X2i,  whereas  Russians 
seem  to  have  found  that  art  explosive  of  4  bar  may  initiate  solid  TNT  (Borisov,  1986).  Usually  the 
initiating  pressures  of  HVD  are  assumed  to  be  lth1  limes  larger. 

In  Bier  we  didn't  believe  at  first  such  risks  on  solid  strand  propellants;  however,  these  had  easily 
been  detonated  in  a  strong  confinement  (insidc/outside  diameter  <  0.3),  and  the  detonation  velocity 
measured  as  1500  to  2000  in/s. 

ASSUMPTIONS  OP  THE  CLASSICAL  DETONATION  MODEL 

The  microscopic  7.ND  profile  of  detonation  shows  the  reaction  zone  as  a  black  box,  where  energy 
release  occurs.  From  the  thermodynamic  aspect,  the  events  in  *his  "black  box”  are  squeezed  into  art 
appropriate  Equation  of  State  (EOS),  where  the  underlying  mechanisms  are  still  a  matter  of 
discussion. 
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Possible  Mechanisms  in  the  Slack  Box  of  Reaction  Zone 

1 .  The  classical  assumed  mechanism  in  this  black  box  is  a  volume  homogeneous  shock  heating 
process  until  onset  of  thermal  chemical  decomposition  takes  place,  which  drives  the  detonation  wave. 
This  concept  has  been  suggested  by  Le  Chatelier  for  gases  at  the  beginning  of  this  century,  and  is  the 
basic  approach  of  the  present  state  of  engineering  calculations  by  detonation  codes,  even  for 
condensed  explosives. 

Besides  a  far  too  optimistic  view  of  initiation  risks,  experimental  and  theoretical  reasons  have 
been  found  that  a  volume  homogeneous  piston  like  decomposition  mechanism  never  realizes  a  plane 
wave  detonation. 

2.  Molecular  dynamics,  suggested  by  Karo,  Hardy,  and  F.  E.  Walker  (1978),  and  later  Dremin 
(1981),  finds  the  detonation  mechanism  in  the  molecular  state,  where  shock  rise  occurs  within  one  to 
three  atomic  distances,  and  bond  scission  and  onset  of  reaction  occurs.  This  concept  provokes  several 
questions: 

Why  usually  is  the  detonation  front  not  smooth,  neither  for  liquid  nor  for  solid  crystalline 
explosives? 

Why  is  the  rise  length  of  a  shock  in  crystalline  materials  of  the  order  of  tens  of  microns,  as  has 
been  shown  by  three  independent  experimental  methods  (Mogilewskij,  1973;  Lciber,  1975;  and 
Winkler,  1976)7  Below  it  will  be  outlined  why  molecular  dynamics  is  not  opposing  this  said 
dimension  of  the  shock  rise. 

I-et  us  find  another  rationale  for  providing  estimates  of  risks. 

SKETCH  OF  THE  IDEA 

In  a  microscopic  scale  bunting  or  chemical  reaction  occurs  at  discrete  local  points.  Due  to  the 
reaction  at  these  points  a  volume  V  increase  with  time  occurs.  According  to  the  basic  theories  of 

pressure  wave  generation  of  tord  Rayleigh  (1886)  and  Ughthill  (1962)  such  a  volume  variation  V 
with  time  in  a  medium  of  density  p  is  one  of  several  pressure  generating  mechanisms.  The  energy  of 
reaction  escapes  from  these  reaction  sites  basically  in  two  different  ways;  ( 1)  by  a  dynamic  without 
pressure  wave,  or  (2)  by  a  pressure  wave  emission  leading  to  a  dynamic  compression  (explosion). 

In  solid  propellant  rocket  motors  the  first  case  is  desirable,  whereas  die  second  one  may  lead  to 
hazards,  it  is  of  importance  therefore  to  find  basic  keys  to  guarantee  in  principle  that  the  first  path 
predominantly  is  used,  and  which  factors  may  favor  the  second  path. 

MECHAN1STICS  UNDERSTANDING  OF  DDT 

Idle  classical  approach  is  that  in  the  plane  wave  piston  model  of  detonation,  the  velocity  piston,  as 
a  mass  flow  rate,  drives  the  detonation  wave  where  this  piston  is  impermeable;  whereas,  in  the  case  of 
combustion,  this  piston  is  completely  permeable  and  no  detonation  is  therefore  possible.  The  key 
model  of  a  plane  wave  DDT-process  is  that  an  initially  permeable  piston  by  different  mechanisms  and 
processes  chokes  more  and  more  so  that  backventing  does  not  occur.  Basic  ideas  on  such  choking 
mechanisms  follow. 

Probably  Kistiakowsky  (1948)  first  suggested  that  "the  formation  of  the  detonation  wave  by  a 
shock  wave  running  ahead  of  the  flame  front.  .  ."  may  be  responsible  for  initiation.  With  this  idea  a 
link  is  therefore  possible  between  DDT  and  shock  to  detonation  transition  (SDT),  where  the  “bunting 
pressure”  corresponds  to  the  shock. 

Such  a  "bunting  (gas)  pressure”  may  be  produced  by  an  exceptional  increase  of  reaction  rate 
(Ubbelolde,  1948),  which  for  porous  systems  by  a  convective  burning  may  be  realized.  Pore 
collapse  by  compression,  fusion  of  the  panicles,  or  hydrodynamic  resistance  or  gas  permeation  and 
other  mechanisms  cited  in  the  last  paragraph  may  lead  to  an  impermeable  piston  (see  also  Belyaev. 
Bobolev,  et  al,  1975). 

We  now  assume  that  burning  occurs  at  discrete  pockets,  and  the  reaction  products  expand  the 
matrix  like  balloons.  In  this  way  they  inject  mass  into  the  surrounding  medium,  and  produce  pressure 
generating  elements.  This  chemically  liberated  eneigy.E,  in  a  unii  volume,  V0,  of  a  maleiial  uf 
density,  p,  may  escape  from  the  reaction  sites  solely  by  the  kinetic  energy  flow. 

Ekin=j-Pv„«2  (1) 
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or  as  potential  energy  of  compression: 

Epol=-/pdV  =  ;^p2 

2pc 

where  u  is  the  velocity  of  plow,  p  the  pressure,  and  c  the  sound  velocity.  Using  for  simplicity 
acoustic  harmonic  quantities  we  compare  the  following  plane  waves 

'S’ plane  wave  =  A  e'k"  O) 

with  harmonic  (time-free)  spherical  waves,  adequate  for  reaction  centers. 


i  kr 

.  e 

^  spin-viral  wave  “Ay-  (4 ) 

where  x  is  the  linear,  anti  r  the  radial  distance,  k  -  2nR/A  rcluies  the  dynamic  quantity  of  a  wave 
length  to  geometrical  distances. 

In  Table  III.  1.  the  main  differences  between  plane  and  spherically  wave  solutions  are  presented. 
Contrary  to  plane  waves,  which  only  show  a  far  field  (IT-),  the  spherical  waves  show  in  addition  a 
near  Held  (NF)  out  of  phase  with  pressure,  which  dominates  near  the  sources  of  radius  r  =  R. 
Therefore  the  ratio  of  potential  and  kinetic  energy  is  not  constant  at:  in  the  case  of  a  plane  wave 
approach.  This  ratio  depends  on  the  dynamics,  the  reaction  cluster  size,  and  on  the  distance.  We  ira 
for  this  ratio  the  quantity  (Re  Z)/pc,  which  is  the  ratio  of  the  real  pan  of  the  spherical  and  the  plane 
wave  impedance,  sec  Table  A. Ill. I . 


Table.  A. 111.  I .  Comparison  of  Plane  and  Spherical  Waves. 
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This  means  that  far  from  the  sources  (r  =s  °°)  the  plane  wave  approach  is  a  good  approximation, 
not,  however,  near  the  sources.  If  dynamics  is  low  (wavelength  k  -a  «■)  the  power  of  radiation  tends 
to  zero;  if  high,  the  plane  wave  expectation  is  finally  obtained,  where  half  of  the  energy  is  in  the  flow, 
and  the  other  part  in  compression.  So  DDT  is  resolved  as  a  matter  of  energy  partition.  This  is 
basically  absent  in  each  DDT-plane  wave  theory. 


Since  R2u  is  proportional  to  V  .it  is  obvious  that  the  dynamics  of  combustion  is  important,  but 
not  the  exact  shape  of  the  reaction  center.  The  value  of  Re  7J pc  of  reaction  cluster  agglomerations  is  a 
function  of  the  location  of  the  sources  and  their  strength,  and  no  general  asymptotic  estimate  near  the 


sources  is  possible,  DDT  may  be  triggered  by  external  pressure  waves,  where  the  stimulating  shock 
in  its  amplitude  may  be  far  below  a  SDT-initiation  amplitude. 

The  above  considerations  indicate  very  little  likelihood  of  a  DDT  arising  in  a  cast  and  not  damaged 
rocket  propellant  motor.  In  other  words,  mechanical  stability  of  the  matrix  is  a  safety  relevant 
parameter,  see  the  comprehensive  summary  of  Bemccker  (1984). 


We  now  have  to  evaluate  mechanisms  for  producing  a  volume  variation  with  time  V  .  Beside  local 
combustion,  also  the  occurrence  of  a  crack  in  a  solid,  which  opens  (or  closes)  leads  to  a  mass 

injection  p  V  into  the  surrounding  volume.  Therefore,  risks  arise  from  fracture  too.  By  using  such 
an  idea,  we  have  to  find  out,  in  which  way  by  a  compression  wave  a  crack  may  be  opened. 

In  the  following  we  discuss  mechanisms  in  which  pressure  pulses  directly  or  indirectly  create 
cracks  iii  homogeneous  dense  solids  (double  base  propellant ),  and  in  inhomogeneous  materials  like 
composite  propellants. 


PRESSURE  WAVES  IN  AN  AELOTROPIC  MEDIUM 

Pressure  waves  of  amplitude  p  in  a  homogeneous  medium  I  arc  reflected  at  the  side  boundaries. 
Within  an  assumed  plane  wave- model  in  the  case  of  normal  incidence  die  relative  impedances  of  the 
medias  I  (pc)i,  and  11  (pc)n  decide  the  amplitude  pt,  which  is  transmitted  over  die  boundary  or 
refected  pr,  and  whether  the  reflected  pan  is  a  pressure-  or  tension-pulse,  c  is  the  sound  velocity  or 
more  precisely  the  shock  velocity  us.  In  perfect  homogeneous  solids  -  also  in  the  microscale  - 
therefore  there  is  little  risk  to  obtain  tension  pulses,  if  the  impedance  of  the  confinement  is  larger  than 
that  of  the  medium,  whereas  in  the  opposite  case  scabbing  (spallation)  may  occur. 


f,  =  2  (pc)  n 

p  (pc)|  +  (pc)„ 

l\  =  (pc)n  -  (pc) I 
P  (pc)i+(pc)|| 

for  die  particle  velocity  tip  the  following  relations  hold: 


dp, i  _  2  (pc) | 


up  ' 

<pc)[ 

+  (pc)  It 

UP-r  . 

- 

-(pc)„ 

up  tpc)i+(pc)[, 

with  the  consequence  that  in  free  air  with  (pc)n  --  0  the  free  surface  velocity  Urs  ~  2Up  is  obtained. 

In  ihe  case  of  oblique  incidence  of  pressure  waves  much  more  complications  result,  and  even 
shear  waves  are  obtained.  For  details  see  the  monographs  (Kolsky,  1963,  Rinehart,  1975;  and 
Wasley,  1973).  Therefore  edges,  comers,  and  slots  in  the  material  arc  serious  problems  to  be 
considered.  As  a  tuie  of  thumb  one  can  slate  that,  if  according  to  statical  views  unlikely  fracture 
occurs  (not  the  thinnest,  but  the  dtickest  pan  breaks,  as  example),  dynamic  stress  waves  are  at  work. 

In  the  case  of  an  aelotropic  medium  the  sound  velocity  in  single  crystals  is  different  in  different 
directions.  This  is  seen  best  by  presenting  the  Youngs-modulus  body  for  PETN  (calculated  from  the 
single,  crystal  elastic  constants  measured  by  Morris,  1976),  as  an  example,  where  the  Youngs- 
modulus  E  is  shown  as  function  of  crystal-direction,  see  Figure  A. III. 2.  Up  to  now  only  for  PETN 

we  know  the  complete  set  of  single  crystal  clastic  constants.  Since  U,  =  V^E/fb.  also  the  impedances 
depend  on  the  direction  of  the  crystal-  The  consequence  is  that  in  a  polycrystalline  material  an 
assumed  initially  plane  and  smooth  pressure  front  of  infinite  steepness  broadens  and  roughens  more 
and  more,  and  pressure-,  tensile-,  and  even  shear  pulses  get  possible.  Further  it  gets  possible,  that 
the  directions  of  energy  propagation  and  wave  propagation  get  different.  By  a  pressure  pulse  p  a 
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tensile  pulse  is  obtained  This  is  also  the  case  in  double  base  propellants  of  zero  porosity,  since,  this 
exhibits  in  the  microscale  areas  of  different  impedances. 


Figure  A. 111. 2.  To  demonstrate  the  meaning  of  aelotropy,  two  single  crystal  Youngs- 
modulus  bodies  of  PKTN  are  shown,  where  E  is  a  function  of  the  crystallographic 
direciion.  In  the  lower  half  the  c-axis  shows  to  the  top,  and  the  c-axis  of  the  glassy  model 
shows  to  the  viewer. 

The  polycrystalline  material  exhibits  therefore  different  internal  impedance  areas,  leading  to 
reflections,  and  tensile  pulses,  and  broadening  of  any  initial  sleep  pressure  rise. 

The  mechanical  properties  reflect  structural  properties  of  chemistry:  The  NO2- groups  ate 
situated  in  the  comers  of  the  lower  part  of  tire  body. 

PRESSURE  WAVES  IN  AN  INHOMOGENEOUS  MEDIUM 

Unfortunately  the  condition  of  identical  compressibility  of  the  media  1  and  11  is  not  sufficient  for 
uniform  behavior,  since  in  addition  the  densities  must  be  the  same.  Let  us  assume  that  there  is  a 
particle  with  density  p'  in  a  medium  of  density  p«,  and  a  pressure  w  ave  of  finite  shock  rise  stimulates 
this  particle,  then  this  may  remain  fixed  by  viscous  forces  on  the  spot.  1  lowever,  if  the  pressure  pulse 
overcomes  these  forces,  then  this  particle  acquires  a  velocity  u’p  with  respect  to  that  of  the  matrix  up, 
which  in  addition  depends  on  ihc  relative  size  of  the  particle  and  the  shock  rise  length.  For  a  rigid 
point  particle,  not  fixed  by  viscous  forces,  tbe  expression  (Kiinig,  1891  and  Lainb,  1932) 


UP."  2(p'/pJ+l 


holds.  Leiber  (1976)  derived  the  free  particle  mobility  as  a  function  of  particle  size  for  different 
density  ratios  according  to  Lamb  (1932),  see  Figure  A.1I1.3.  Full  solutions  for  a  rigid  particle, 
however,  are  given  by  Tenikin  and  Leung  (1981 ),  and  their  treatment  is  applied  by  Leiber  (1979]  to 
further  cases. 

Experiments  to  demonstrate  this  behavior  cannot  be  performed  on  explosive  materials,  since  these 
materials  decompose.  For  mode!  experiments  cast  and  spheroidal  cast  iron  with  the  density  ratio  r’/i» 
-  0.25  have  been  used.  The  amount  of  carbon  has  been  kept  constant,  but  tiie  particle  size  and  their 
distribution  have  been  different.  Figure  A.111.4  shows  sliocked  cast  iron,  where  a  graphite  particle 
has  driven  a  crack.  Tiny  particles  destroy  the  matrix  like  moving  wedges.  That  the  above  particle 
really  has  moved  is  demonstrated  by  the  striation  pattern  on  the  surface  of  the  iron,  Figure  A.II1.5. 
This  effect  is  absent  if  the  sample  is  broken  statically. 
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Figure  A.  Ill, 3  Free  particle  velocities  in  a  dynamic  Field  as  a  function  of  particle  size  and 
density  ratio.  As  to  be  seen,  a  dynamic  homogeneous  behavior  is  obtained  for  particle  sizes 
corresponding  to  the  condition  Re  (u'pAip  »)  =  1.  This  may  be  used  to  estimate  the  shock  rise 
length. 

In  die  case  of  spheroidal  cast  iron,  the  spherites  remain  on  the  spot,  move  into  or  even  contrary  to 
the  shock  direction  (Figure  A.III.6),  and  dissipate  the  shock  energy  very  rapidly  (Figure  A. HI .7)" 

The  vibration  of  the  spheres  dissipates  the  energy.  The  vibration  of  the  spherites  are  absent  in  the  case 
of  static  fracture. 


Figure  A.m.4.  Shocked  cast  iron,  where  the  graphite  particle  (in  the  circle)  drives  tlsc 
crack.  That  this  particle  really  has  moved  is  slwwn  by  Figure  A.III.5,  which  is  a 
micrograph  of  the  new  surface  of  the  iron  of  the  upper  left  (in  the  circle)  near  the  graphite 
particle. 


Figure  A.III.5.  The  surface  of  the  iron  surface  (Fe,  dark  in  Figure  A.II1.4)  shows 
vibration  structures  produced  by  the  mobility  of  the  graphite  particle  C.  In  statically 
broken  cast  iron  this  structure  is  compielely  absenL  The  arrow  indicates  the  shock 
direction. 
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Figure  A .111.6.  Shocked  spheroidal  cast  iron  of  same  eomposilion  as  the  cast  iron  of 
Figure  A.II1.4.  Upper  left  a  larger  spherite  breaks  up  into  a  larger  piece,  moving  contrary 
to  shock  direction  (arrow),  and  the  small  one  moves  with  the  shock  direction.  The 
spherite  in  the  center  remains  on  the  spot,  but  is  deformed  due  to  its  pressure  reflection 
properties  corresponding  to  kR  =  1.75. 


Figure  A. 111.7.  View  into  a  broken  graphite  spherite,  where  the  vibration  patterns  have 
ub , orbed  die  pressure  energy.  Statically  loaded  spherites  do  not  exhibit  diis  structure. 

That  even  a  void  may  act  like  a  particle  is  shown  in  Figure  A. III. 8  where  a  void  in  molybdenum 
has  driven  this  trail.  This  means,  that  even  dynamic  activated  voids  act  like  wedges,  which  drive  the 
cracks. 


Figure  A. ill. 8.  Dynamic  trail  of  a  vend  in  molybdenum.  The  void  did  not  close  in  spite  oi 
the  high  dynamic  pressure  of  375  kbar,  whereas  Such  a  void  comp'etely  disappears  by  hot 
forging. 

Another  dangerous  situation  occurs  if  dense  particles  acquire  a  relative  velocity  (u'p  Up.^,) 
contrary  to  the  shock  direction:  If  this  relative  velocity  is  slow,  die  trail  closes  'ukc  in  a  laminar  now. 
If  this  velocity  gets  larger,  a  wake  formation  occurs  and  this  wake  will  be  driven  like  a  void  figure 
A.HI  8)  into  shock  direction.  So  one  gets  a  hydrodynamic  pair  formation  o!  wedges.  This  is 
demonstrated  in  Figure  A. III. 9,  where  a  tungsten  particle  impacted  the  upstream  side,  and  the 
resulting  cavity  the  downstream  side.  The  matrix  was  aluminum.  That  the  downstream  side  hole  has- 
been  really  produced  by  a  void  has  been  established  by  the  similarity  of  cas  ity  impacts  on  metals 
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Figure  A.III.9.  1  (im  tungsten  panicles  of  density  p’  »  19.3  g/em3  in  the  boundary 
be  tween  the  aluminum  pieces  of  density  ~  2.7  g/cm3  impacted  the  upstream  pan  only. 

-The  downstream  impacts  produce  cavitation  damage. 

These  results  indicate  that  the  dynamic  behavior  of  any  solid  material  depends  on  the  voids.  In 
order  to  realize  this,  we  gathered  all  available  measurements  on  the  Hugoniot  Elastic  Limits  (HEL)  of 
different  ceramics,  see  Figure  A. III.  10.  Under  the  assumption  that  the  variance  of  these  values  is 
specific  for  a  specified  failure  process,  with  a  statistical  significance  of  up  to  99%  the  high  density 
failure  mechanism  is  different  from  that  of  larger  porosities  than  0.8%.  A  further  result  was  that  the 
HEL-determining  mechanisms  for  single  crystals  are  different  from  those  of  the  polycrystalline 
materials. 


Figure  A. III. 10.  Cumulative  frequencies  of  the  Hugoniot  Elastic  Limit  for  different  types 
of  brittle  ceramics.  With  99%  significance  the  HEL  determining  mechanism  is  different 
for  the  high  density  samples  Lucalox  and  Carborundum  hot  pressed. 

It  is  of  interest  to  know  whether  such  differences  may  be  found  by  mechanical  static  experiments. 
As  to  be  seen  in  Figure  A.III.l  1  die  failure  mechanism  of  the  bend  strength  of  the  polycrystalline 
material  is  independent  from  this  porosity.  For  more  details  see  Leiber  (1974). 


Figure  A. UI.  1 1 .  Contrary  to  the  above,  the  static  bend  strength  mechanism  is  with  a 
statistical  significance  of  99%  the  same  for  high  density  and  porous  materials. 

The  porosities  are  listed  in  the  following.  The  dynamic  strength  behavior  is  different  for  the  two 
columns,  and  the  same  within  one  column. 


Material 

Material 

Porosity  in  % 

Coors  AD  85 

6.6 

Carborundum 

Diamonite  P  1342-1 

5.5 

hot  pressed 

0.8 

Wesgo  A 1-99  s 

4.0 

Boron  carbide 

2 

Lucalox 

0.2 

Beryllium  oxide 

5  6 

17" 


m 
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We  know  from  the  case  of  TNT,  that  indeed  the  porosity  strongly  influences  the  initiation 
behavior.  High  density  TNT  (p  >  1.65  -  1 ,66  g/cm3)  is  not  suitable  for  blasting  purposes,  but  a 
density  of  *  1.62  g/cm3  corresponding  to  a  porosity  of  about  2%  is  favorable.  In  the  case  of 
propellants,  therefore,  a  larger  porosity  than  0.8%  may  lead  to  a  significant  increase  of  hazard.  It  is 
possible  to  induce  such  a  porosity  by  rough  handling,  see  below. 

We  learn  from  these  facts,  that  the  dynamic  behavior  of  composite  materials  is  very'  complex,  and 
the  behavior  is  not  a  unique  function  of  the  chemical  composition.  Even  the  dynamic  behavior  of 
relatively  homogeneous  materials,  like  double  base  propellants  is  not  to  be  guaranteed  under  such 
circumstances.  Therefore  some  aspects  of  material  damage  caused  by  mechanical  or  thermal  (very) 
low  level  stimuli  are  discussed  in  the  following. 

STRUCTURAL  INFLUENCES  ON  MECHANICAL 
STABILITY  AND  SENSITIVITY  TO  HAZARDS 

If  a  subcritical  mechanical  or  thermal  stimulus  acts  on  a  rocket  motor  without  destroying  or 
cracking  it,  one  is  tempted  to  assume  that  it  may  still  be  in  its  physical  slants  originally  specified.  In 
general  there  are  reasons  that  this  may  be  not  true,  particularly  in  the  case  of  composite  propellant 
transport.  By  nondestructive  mechanical  or  thermal  loads,  maybe  in  storage  or  in  operation,  it  is 
possible,  that  the  rocket  motor  gets  some  porosity,  originally  absent.  This  induced  porosity  may  alter 
the  mechanical  properties,  mainly  in  the  dynamic  case,  and  the  sensitivity  hazards. 

BEHAVIOR  OF  A  DENSE  HOMOGENEOUS  ELASTIC 
AND  THERMALLY  ISOTROPIC  MATERIAL 

A  dense  homogeneous  elastic  and  thermally  isotropic  material  shows  in  arbitrary  directions  in  the 
macroscopic  and  microscopic  scale  the  same  properties.  By  a  ntechanica)  uniaxial  stress  llie  sample 
elongates  and  contracts  in  the  orthogonal  directions,  and  neither  torsion  nor  angle  variations  will  be 
observed,  If  hydrostatic  pressure  is  applied,  each  direction  is  compressed  by  the  same  amount.  An 
analogous  behavior  is  iO  be  observed  in  the  case  of  the  variation  of  the  temperature. 

Inside  the  volume  compression  waves  remain  compression  waves,  and  the  same  holds  for  shear 
waves,  and  no  interconversion  takes  place  (except  at  the  boundaries  in  the  case  of  oblique  incidence  '). 

BEHAVIOR  OF  A  SINGLE  CRYSTAL 

The  above  described  behavior  is  not  observed  in  the  case  of  a  single  crystal.  Hie  stress/str.un 
relations  differ  in  different  crystal  directions,  as  does  the  thermal  expansion.  The  macroscopic 
Poisson  ratio  depends  on  e  direction  too  and,  in  addition  from  the  side  considered,  planes  may  get 
distorted  and  angle  varialions  also  take  place 

Crystals  of  a  lower  class  than  cubic  (like  aluminum)  in  general  exhibit  different  compressibilities 
in  different  directions,  and  curiosities  may  be  observed.  There  exist  materials,  tullurium  as  an 
example,  which  elongate  in  one  direction  by  application  of  a  hydrostatic  pressure  (or  low 
temperature),  whereas  the  overall  volume  shrinks.  Tills  mechanical  behavior  is  not  always 
accompanied  by  corresponding  thermal  behavior;  it  is  also  possible  that  the  thermal  expansion  or 
compressibility  is  only  anomalous.  In  a  polycrystalline  material,  such  phenomena  induce  catastrophic 
effects  by  the  volume  incompatibilities  arising. 

The  sound  velocities  vary  with  the  crystallographic  directions  too.  and  interconversions  between 
the  tiitxies  are  usual.  This  may  be  the  reason  for  a  spectacular  effect,  that  the  direction  of  wave 
propagation  anddirection  of  energy  propagation  are  different.  Only  is  specified  crystal  directions, 
transmission  of  pure  modes  gets  possible. 

Symmetry  elements  in  the  crystals  reduce  the  anisotropic  behavior  as  the  regularity  increases.  The 
thermal  expansion  anisotropy  is  less  sensitive  to  the  crystal  classes  than  the  mechanical  clastic 
constant*’,  both  depend  on  temperature  of  course. 

POl .  Y CRYSTALLINE  MATERIALS 

If  we  have  a  statistical  agglomeration  of  many  single  erysta'lites  of  the  same  type  within  a  volume, 
and  the  crystallites  are  fixed  by  cohesive  forces,  we  may  finally  observe  a  macroscopic  isotropic 
behavior,  if  no  preference  is  given  to  certain  crystal  directions  hv  the  fabrication  process  or  otherwise. 

Space  averages  of  the  stiffnesses  (elastic  constants  c,k).  as  carried  out  by  Voigt,  assume  uniform 
strains  -  and  nonuniform  stresses  -  throughout  the  statistical  sample,  Contrasting  to  this,  Reuss 
t  (1929)  assumes  uniform  stresses  -  and  nonuniform  strains  -  in  the  volume,  which  n*eans,  that  he 

performs  a  space  averaging  of  the  elastic  compliances  Sjk-  As  often,  the  truth  is  between  the  extremes. 
Necrfeld  and  Hill  indicated  that  the  static  macroscopic  constants  are  best  described  by  the  arithmetic 
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mean  of  Voigt-  and  Reuss-averaging.  It  is  interesting  to  note  that  in  the  bulk  modulus  and  the 
Youngs-modulus  some  different  single  crystal  elastic  constants  are  present  We  can  estimate  the 
isotropic  polyciystalline  constants  and  sound  velocities  with  good  accuracy  from  the  single  crystal 
data.  (All  references  in  Heannon,  1961). 

If  we  have,  as  in  a  composite  propellant,  a  mixture  of  ammonium  perchlorate,  aluminum,  and  a 
binder,  in  principle  we  would  be  able  to  give  estimates  of  the  clastic  constants.  But  quite  another 
problem  is  much  more  important  We  have  macroscopic  averages  values  of  the  thermal  expansion, 
Youngs  modulus,  compressibility  of  the  matrix,  composed  from  the  constituents,  If  a  single  grain 
shows  larger  or  lower  values  than  the  average,  stresses  or  strains  arise  which  must  be  balanced  by  the 
materials  cohesive  strength.  Asymptomatically  these  forces  are  related  to  the  anisotropy,  characterized 
by  the  ratio  maximum/minimum  value,  and  the  strength  decreases  as  this  anisotropy  increases.  In 
practice  this  means  that  an  originally  non-voided  rocket  motor  charge  may  acquire  voids  simply  by 
mechanical  “subcritical"  loads  or  thermal  cycles. 

As  an  example  an  aluminum/perchlorate  composite  propellant  is  considered  with  an  assumed 
binder  polystyrene.  In  Figure  A. III.  12  the  Youngs-moduli  E  of  the  single  crystals  of  the  components 
are  shown  in  the  same  scale.  In  addition  the  crystals  have  different  (anisotropic)  thermal  expansion 
coefficients  a  The  tliermal  stresses  Ao  of  temperature  shocks  aT  must  be  balanced  by  the  cohesive 
strength  of  the  material.  Whenever  this  is  surpassed,  debonding  or  dewetting  of  the  grains  in  the 
matrix  occurs,  which  results  in  local  weakening  of  the  material  strength,  and  induces  an  additional 
porosity,  which  increases  as  the  number  of  the  cycles  increases.  A  rough  estimate  of  the  order  of 
internal  stresses  is  obtained  by: 


Ao  -  ((E  u)mas. "  (E  u)min.)  AT  (12) 

With  the  maximum  values  for  aluminum  E  =  756  kbar,  a  =  2.3  10-5  K-l  and  the  minimum  for 
polystyrene  E  =  34.6  kbar:  a  =  7  10-5  K-l  we  get  as  an  order  of  the  internal  stress  15  bar/K  or  1.5 
N/inm2K.  Therefore  high  strength,  high  plastic  toughness  materials  are  preferable  as  binders,  and  not 
brittle  ones.  Since  in  double  base  propellants  such  Youngs  modulus  variations  are  absent,  these  arc 
less  sensitive  to  low  level  mechanical  or  thermal  influences. 

Similar  estimates  may  be  done  for  uniaxial  mechanical  loads  or  hydrostatic  compression.  Due  to 
the  anisotropy  of  compression  fornoncubic  materials,  see  Figure  A.I1I.13,  a  debonding  gets  possible 
by  hydrostatic  compression  of  the  material. 

For  the  following  reasons  these  points  are  very  serious.  The  physical  properties  of  the 
components  of  the  energetic  material  (aluminum,  ammonium  perchlorate,  and  binder)  are  not  to  be 
altered.  Only  the  binders  strength  and,  most  important,  toughness,  may  lead  to  some  mitigations. 

As  a  point  of  a  possible  improvement  the  replacement  of  the  metallic  aluminum  may  be  seen,  or 
very  plastic  binders. 

Future  needs  are  to  give  more  attention  to  investigations  and  measurements  of  the  anisotropic 
physical  properties  of  the  energetic  material  and  its  constituents. 
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Sodium  nitrate_.tr  is  -  Ammonium  perchlorate* 


o.  rhomb. 


Figure  A.III.12.  Single  Crystal  Youngs  Moduli  of  Some  Propellant  Components  in  the  Same  Scale  in 
Orthogonal  Crystal  Planes. 


Sodium  nitrait®_tr ig . -6  Ammonium  perch lorate. 


PETN,  tetragonal^*  Polystyrene,  hex. 


Figure  A. HI.  1.3.  Single  Crystal  Compressibility  Ratios  of  Some  Propellant  Components.  For  cubit: 
materials,  like  aluminum,  this  compressibility  always  is  a  sphere  with  radius  1.  Plotted  is  the  ratio  of 
the  uniaxial  compressibility  in  the  indicated  crystal  planes  over  1/3  of  the  volume  compressibility. 

BASIC  FRACTURE  DYNAMICS 


If  tension  pulses  are  present,  we  get  the  basis  of  fracture  dynamics,  which  had  been  pioneered 
from  first  principles  by  Steverding  and  Lehnigk  (Steverding  and  Lehnigk,  1970;  Steverding  and 
Lehnigk,  1971;  Steverding  and  Lehnigk,  1970;  Steverding,  1971;  Steverding,  1971;  and  Steverding 
and  Lehnigk,  1971).  Their  result  was,  that  a  volume  or  surface  crack  of  the  length  c  is  opened  by  a 
tensile  pulse  (due  to  boundaries  or  the  nature  of  the  aelotropic  polvcrystalline  material) 


Here,  and  in  the  following,  factors  arc  omitted.  Latter  condition  is  similar  to  that  of  Griffiths  (1920) 
static  condition  of  maximal  strength.  However,  in  the  case  of  dynamics  in  addition  a  critical  pulse 
duration  t  is  required  for  opening  a  crack  of  length  c,  which  means,  that  the  tensile  pulse  must  pass  the 
cracr  over  the  length  c  in  order  to  open  it. 


(14) 
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Pi 
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E  is  Young's  modulus,  yis  the  surface  energy,  different  for  surface  and  volume  cracks.  For  an  order 
of  magnitude  estimate  in  brittle  materials  Cottrell,  reference  in  Steverding  and  Lehnigk  (1970)  has 
given  the  expression 


y- 


Eb 

20 


(15) 


where  b  is  the  interatomic  distance.  For  a  plastic  fracture,  however  y  increases  by  orders  of 
magnitude. 

In  order  to  examine  whether  fracture  dynamics,  besides  theoretical  reasons,  may  be  at  work  in  the 
black  box  of  reaction  zone,  we  make  use  not  only  on  theoretical  calculations,  but  also  of  excellent 
experimental  results  of  many  researchers  on  detonation,  who  have  found  laws  and  rules  of  initiation  to 
detonation.  Whenever  such  events  should  be  caused  by  fracture,  these  rules  and  laws  should  be 
based  on  fracture  dynamics. 


APPLICATION  TO  INITIATION 


If  we  assume  for  a  dense  material  without  voids  intercrystalline  fracture  at  the  grain  boundaries, 
then  c  approximates  to  the  grain  size,  and  from  Eq.  (13),  we  obtain  a  Petch-typc  relation 


p  aifI7c 


(16) 


and  deviations  n  my  be  caused  by  intererystalline  fracture  of  the  grains. 

LVD-  Pressure 

If  it  is  assumed  that  the  ultimate  dynamic  strength  is  obtained  for  the  crack  length  of  the 
interatomic  distances  c  =  b,  then  with  Eqs  (13)  and  (15)  the  order 

p  «  E/(4.5  ..  10)  (17) 

corresponds  to  the  LVD-pressure.  This  LVD-pressure  corresponds  to  the  maximum  mechanical 
strength  of  the  material,  above  which  material  is  broken  up  into  atomic  debris. 


For  a  material  of  density  1.5  g/cin^  and  sound  velocity  us  -  2,500  m/s  this  pressure  approximates 
10-20  kbar.  For  HVD  another  additional  effect  comes  into  play,  which  is  not  considered  here. 


Combining  Eqs.  (13)  and  (14)  one  gets 


which  is  the  well  known  Walker-Waslcy  result  (19(i9),  which  does  not  hold  for  liquids 
(de  Longueville  et  al.  1976). 

Pop  Plot  (Dynamic  Weihuil)  Relation 

It  is  conceivable  to  assume  that  the  pulse  duration  is  proportional  to  the  length  I,  of  a  specified 
sample.  Then  as  a  scale  of  full  fracture  (initiation)  one  gets  from  Eqs.  (13)  and  (  Ml. 


log  p  u  -  0.5  log  I. 


(19) 


and  the  dynamic  Wcibdl  term  0.5  is  close  to  values  of  experimental  pop  plots,  see  for  example 
Dobrutz  and  Crawford  (1985).  In  addition,  static  terms  of  materia!  strength  influence  this  exporte 
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If  a  bar  of  diameter  0  or  cmss-sectional  area  VF  and  velocity  v  hits  the  explosive  material,  tension 


p  a  v  p  us 

results.  Equating  with  Eq,  ( 1 3)  leads  to 
v  a  Vy/pc 

c  i„  given  from  Eq.  (14),  where  t  is  determined  by  the  entrance  of  the  "rarefaction"  wave  (Kharitons 
critical  diameter  principle) 


0  /F 

t  a  ■=—  a 
2u.  2u, 


and  one  gets 


v  a 


(20) 


This  is  known  as  Held’s  (1984)  init-ition  scaling  law  which  is  extensively  confirmed  by  experiments. 


These  conclusions  seem  to  be  appropriate,  but  the  question  arises:  What  about  the  detonation 
chemistry,  or  in  other  words,  is  there  a  link  between  fracture  and  chemical  decomposition? 

FRACTURE  AND  CHEMICAL  DECOMI-OSITION 

Why  chemical  decomposition  and  pressure  waves  are  coupled  in  detonation  processes  is  an  old 
question  in  detonatidr  physics  since  Becker's  work.  An  approximate  classical  answer  is  that  by  the 
shock  heating  process,  thermal  chemical  decomposition  takes  place  (piston  model),  which  in  turn 
supports  the  pressure  wave.  According  to  this  decoupling  between  shock  and  chemical 
decomposition  should  not  occur,  nevertheless,  this  is  observable  in  experiments.  Therefore  another 
answrer  should  be  given. 

Energy  leading  to  fracture  splits  into  several  parts,  such  as  into 

a.  elastic  energy, 

b .  plastic  deformation  at  the  crack  tip, 

c.  medium  separation  at  the  crack  dp, 

d.  surface  energy, 

e .  possibly  release  of  chemical  energy, 

f.  kinetic  energy  of  the  cracks,  which  produce  a  mass  flow  without  compression  into  the 
surrounding  medium  by  their  volume  increase. 

g.  Energy  of  compression  leading  to  pressure  waves.  Due  to  the  mass  injection  by  the  volume 
variation  of  the  cracks,  classical  pressure  generating  mechanisms  of  Lord  Rayleigh  (1887)  are 
activated,  which  lead  to  compression/tension  waves. 

All  these  processes  are  phase  locked.  Whereas  the  amounts  of  (a),  (c),  and  (d)  remain  small,  the 
others  vary  greatly  with  dynamics. 

it  is  less  known  for  inert  solids  that  temperature  increase  and  chemical  decomposition  are 
phenomena  associated  with  fracture.  So  for  PMMA  Doll  ( 1972)  determined  the  heat  evolution  by 
fraction  as  a  function  of  the  crack  propagation  velocity  between  200  and  750  m/s  and  the  molecular 
weight  of  PMMA  between  100,000  and  8,000,000.  This  heat  evolution  measured  with 
thermocouples  increased  with  the  crack  propagation  velocity  and  had  been  largest  for  the  largest 
molecular  weight.  Fuller,  Fox,  and  Field  (1975)  monitored  by  a  liquid  weight  PMMA  (250,000)  an 
increase  in  temperature  of  500  K  over  the  velocity  range  (200-650  m/s)  studied.  Framer 
investigations  of  Regel,  Muinov,  and  Pozdynakov  (1966)  demonstrated  by  mass  spectroscopy  that  by 
fracturing  PMMA,  decomposition  products  appear  like  those  from  slow  thermal  decomposition. 

This  result  on  PMMA  is  important  since  it  demonstrates  that  decomposition  by  fracture  is  a  quite 
general  event,  and  not  restricted  to  energetic  materials. 
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Fox  arid  Soria-Ruiz  (1970)  found  a  fracture  induced  decomposition  of  p-iead  azide,  where  aboul 
10  atomic  layers  at  the  side  wails  of  ihe  crack  decomposed  to  products  similar  to  those  of  thermal 
decomposition.  Chaudn  ( 1972),  however,  failed  to  initiate  3 -lead  azide  with  crack  velocities  below 
600-800  m/s. 

Ng,  Field  and  Hauser  (1986)  summarize  experiments  done  on  PF.TN  and  address  the  questions  on 
various  mechanisms  of  decomposition.  Since  at  the  crack  tip,  a  bond  scission  appears  more  likely 
than  a  thermal  decomposition,  these  authors  investigated  the  products  of  PETN  of  low  and  high 
energy  fracture  and  laser-induced  chemical  decomposition.  They  found  for  low  energy  fracture  as  an 
initial  break  down  step  R-NO2,  similar  to  thermal  decomposition,  and  for  a  high  energy  fracture 
R’-CH20N(>,  corresponding  to  a  C-C  scission.  For  a  higher  energy  laser  input  R”-ONf>2  had  been 
the  first  fission.  Moreover  former  results  of  others  show  that  in  the  case  of  slow  cleavage,  little  or  no 
emission  occurs;  in  the  case  of  slow  compression,  electron  emissions  take  place;  and  n  the  case  of 
impact  loading,  enhanced  electron  emission  as  well  as  photons  and  radiation  are  to  be  observed. 
According  to  this,  electrons  and  photons  are  a  result  of  structure,  and  probably  do  not  directly  induce 
a  fracture.  With  respect  to  the  electrostatic  sensitivity,  which  depends  on  field  break  through,  this 
conclusion  desires  a  future  reconsideration. 

In  the  case  of  propellants  and  powders  we,  therefore,  get  a  quite  wide  spread  field  of  phenomena 
if  these  are  brought  to  fracture  by  various  stimuli.  The  damage  varies  from  no  effect  to  dewetting, 
bubble  formation,  microscopic  and  macroscopic  cracks,  burning,  and  explosion  up  to  detonation. 

The  critical  impact  velocity  for  explosion  may  be  as  low  as  1 50  in/s,  depending  on  type,  shape,  and 
size  of  the  samples.  A  very  comprehensive  studv  and  summary  on  this  is  given  by  Lee,  James  et  al 
(1984). 


The  behavior  of  propellant  cracking  in  the  more  benign  ballistic  range  is  studied  principally  by 
Kuo  and  coworkers. 

We  leam  that  onset  of  pressure  wave  propagation  is  controlled  by  the  primary  mechanical  events, 
which  induce  a  chemical  decomposition  and  not  the  reverse.  Therefore  a  decoupling  between  wave 
propagation  and  chemistry  gets  possible  depending  on  the  entering  mechanical  stimulus.  A  further 
conclusion  is  that  tests  which  ignore  the  dynamics  of  the  events  to  be  simulated  may  give  misleading 
results. 

Since  the  rate  of  chemical  decomposition  is  related  with  the  crack  velocity,  arid  this  crack  velocity 
is  not  restricted  to  subsonic  velocities.  It  is  possible  to  relate  the  initiation  of  solid  explosives  to 
dynamic  fracture.  According  to  the  required  tension  pulse,  sensitivity  should  increase  as  the  elastic 
anisotropy  of  the  single  crystallites  in  the  polycrystalline  material  or  the  heterogeneity  of  the  material 
increases.  In  terms  of  solid  propellant  rocket  motors  this  means  composites  are  more  sensitive  than 
double  base  motors. 

It  must  be  noted,  however,  that  fracture  dynamics  is  only  an  asymptotic  rationale  in  the  case  of 
highly  energetic  dynamics,  since  in  the  falling  weight  test,  for  example,  the  plastic  flow  of  PF.TN  is 
decisive  (Field  et  al,  1982),  however,  in  each  case  initiation  occur;  directly  or  indirectly  via  a  volume 
flow  generation.  Up  to  now  no  exception  to  this  is  known. 

As  known,  there  exists  also  a  shear  band  model  of  initiation  pioneered  from  Frey  (1981),  and  we 
have  the  question,  whether  this  will  apply.  In  the  following  it  will  be  outlined,  why  shear  may  be 
excluded  aosl  included  into  this  frame. 

Coming  from  the  well  established  classical  basic  pressure  generating  mechanisms,  a  mass,  anu/or 
impulse,  and/or  curl-injection  into  the  unit  volume  are  essential  The  effectiveness  depends  on  the 
Mach-number of  die  flow  in  the  detonation  zone.  Fora  low  Mach-numbcr,  a  mass  injection  is  the 

most  effective  term.  A  mass  injection  can  only  be  realized  by  volume  variations  V  with  time  into  the 
unit  volume.  This  means  that  the  pressure  generating  mechanisms  require  definitely  a  two-phase 
system.  In  the  terms  of  fracture  we  need  therefore  volume  variations  by  opening  or  closing  of  cracks, 
and  in  the  case  of  liquids  analogous  opening  or  closing  of  reaction  centers  (bubbles).  For 
demonstrating  tlie  applicability  of  this  view  we  model  qualitatively  a  very  complicated  detonation 
pattern  of  (liquid)  diluted  NM,  which  had  been  produced  from  Mallory  and  Greene  (1969)  by  the 
impedance  mirror  technique.  There  are  within  the  same  detonation  smooth  and  rough  fronts  separated 
by  dark  waves.  Such  a  sequence  had  never  been  understood  in  classical  engineering  terms. 

We  simply  model  this  behavior  from  the  contributions  of  the  single  pressure  sources,  which  trad 
been  assumed  to  be  harmonical.  Quite  naturally  we  get  a  dark  wave  at  those  places,  where  the  sources 
are  absent,  and  the  transition  from  smooth  to  rough  depends  on  the  concentration  of  the  sources  only, 
see  Figure  A. HI,  14, 

Apparently  this  seems  to  be  contrary  to  Frey's  shear  band  model,  but  this  is  not  the  case. 
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Figure  A. 111. 14.  Upper  part  is  ihe  detonation  profile  of  diluted  nitromethane  from  Mallory 
and  (Jreene,  which  is  modeled  in  the  lower  part.  The  dark  wave  is  the  result  of  the  absence 
of  pressure  sources,  a  smooth  front  is  obtained  by  small  distances  of  the  sources,  which 
penetrate  each  other,  and  the  rough  profile  is  the  result  of  the  increased  distances  of  the 
pressure  sources  (reaction  centers).  Source  penetration  is  only  possible  in  the  case  of  HVD. 

By  shear  a  viscous  heating  may  lead  to  chemical  decomposition.  In  this  moment,  automatically 
we  get  a  two-phase  system,  where  the  growth  of  the  reaction  products  provide  the  mass  injection  into 
the  surrounding  unit  volume.  In  the  shear  band  concept  we  have  therefore  a  two-step  mechanism  10 
realize  pressure  generation  in  classical  terms. 

HOW  DOES  THIS  MODEL  COMPARE  WITH  THE  CLASSICAL 
THERMODYNAMIC  VIEW  OF  DETONATION? 

Leiber  (1984)  has  shown  that  such  a  behavior  may  he  pressed  into  a  quasi-continuous  laminar 
plane  wave  approach.  For  this  simplification  we  have  to  pay  with  an  appropriate  Equation  of  State 
(EOS),  where  -  contrary  to  the  original  sense  of  the  EOS  -  time  dependence  and  inertial  effects  arc 
important.  Within  this  frame  therefore,  any  further  attempts  to  find  a  correct  and  "true”  EOS  are 
meaningless,  since  our  appropriate  parameter-fitted  EOS  is  nothing  else  than  a  correlation  function  of 
the  real  two-phase  behavior  in  plane  wave  terms  in  the  black  box  of  detonation  zone. 

ESTIMATION  OF  THE  IMPEDANCE  OF  A  PENNY  SI  IAPED  CRACK 

Equation  (14)  implies  that  a  pressure  pulse  must  pass  the  crack  length  in  order  to  open  it.  in  terms 
of  harmonic  waves  this  condition  may  be  approximated  by  A  —  2  usl.  and  one  gets  dimensionless 
acoustic  crack  diameter  kc  =  ttc/usti  which  approximates  to  ir.  We  have,  to  evaluate  the  real  pan  of  the 
impedance  of  such  a  penny  shaped  crack.  This  may  be  done  by  calculating  the  impedance  of  a  piston 
membrane,  however,  Skudrzyk  (1971)  has  pointed  out  that  there  is  also  a  good  approximation  to  use 

the  equivalent  sphere  surface  of  radius  R  *  c/2f2,  and  one  gets  kR  -  kc/2 V2  -  itf'lfl  *  1.11,  So  one 
gets,  according  to  relations  in  Table  A.fll.l,  Re  TJpc  =  (kR)?/[  1  =  (kR)2 j  =  0.55  for  one  dynamic 
crack,  which  means  that  the  ratio  of  pressure  wave  emission  over  energy  of  flow  approximates  to 
0.55. 

The  question  arises,  what  happens  if  wc  have  more  cracks.  May  the  impedance  increase  or 
decrease? 

COOPERATIVE  EFFECTS 

As  usually  known  one  crack  does  not  produce  an  explosion  or  detonation.  Many  cracks  in  a  unit 
volume  may  produce  such  an  event.  For  demonstrating  such  a  possibility,  and  the  uncertainty  to 
determine  such  risks  we  use  a  linear  array  of  n  =  20  (spherical)  pressure  sources,  where  the  distances 
between  the  sources  AdA  may  vary. 

Since  we  arc  interested  on  the  energy  release  by  pressure  wave  emission,  we  have  to  calculate  the 
relative  impedance.  This  is  done  by  taking  the  quotient  of  pressure  and  particle  velocity  in  die 
direction  of  wave  propagation  at  the  point  of  observation.  At  this  point  all  the  contributions  of  the 
single  sources  are  summed  up  using  Huygens  principle. 

Considering  the  relative  impedance  in  the  center  of  this  array  as  a  function  of  the  source  distances, 
see  Figure  A.UI.15,  one  notices,  that  under  some  circumstances  pressure  wave  radiation  dominates 
(large  Re  Z/pe,  and  relatively  small  Im  Z/pc),  and  elsewhere  pressureless  flow  (large  lm  Z/pc,  and 
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small  Re  Z/pc).  It  is  not  possible  to  produce  such  a  diagram  of  general  validity,  since  the  functions 
depend  on  many  factors.  However  it  explains  several  points  which  are  known  by  experience:  It  is 
not  possible  to  estimate  hazards  on  small  scale  samples,  nor  are  there  present  scaling  up  rules  from 
small  to  large  samples.  Further  it  may  not  be  the  most  "severe"  input  in  the  sense  of  a  high  pressure 
amplitude  which  determines  on  safety  but  a  certain  critical,  maybe  soft,  stimulation.  Even  the  local 
distribution  of  all  the  pressure  sources  strongly  influences  the  mixture  of  hazardous  and  benign 
behavior.  This  is  finally  the  reason  why  the  test  results  are  not  adequate  to  judge  low  stimulus 
impacts. 


^  .cut 


Figure  A. III.  15.  Relative  impedances  of  an  array  of  n  =  20  sources  of  size  kR  =  1  as 
function  of  the  dynamic  intersource  distance  Ad/X  in  the  center  of  the  array.  As  may  be 
seen,  there  exist  benign  and  hazardous  domains. 

A  direct  demonstration  of  this  gives  Trimbom  (1985)  with  the  German  spigot  test,  see  Chapter  5. 
As  the  spigot  penetrated  the  rocket  propellant,  very  many  reaction  centers  appeared  over  a  period  of  up 
to  some  seconds.  Finally  there  reaction  flashes  produced  an  explosion.  This  result  is  'o  be  explained 
only  by  the  cooperative  effects  just  mentioned. 
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ANNEX  IV 


BASICS  0F..SL3-1D  ROCKET  MOTOR  PROPULSION 

The  following  biief  notes  are  intended  to  present  the  basic  aspects  of  solid  rocket  motor 
propulsion  theory.  For  consideration  of  the  more  advanced  aspects,  such  as  propellant  erosive 
combustion,  structural  design  considerations  and  nozzle  and  blast-pipe  design,  a  text  book  on  rocketry 
should  be  consulted. 

The  propulsion  of  a  rocket  motor  is  achieved  by  applying  a  force  to  accelerate  it,  or  to  maintain  a 
constant  velocity  against  a  resisting  force.  The  propulsive  fora  is  obtained  by  ejecting  hot 
combustion  gases  at  high  velocity  through  a  nozzle  from  a  combustion  chamber  containing  burning 
propellant. 

A  useful  parameter  for  performance  evaluation  is  the  specific  impulse  1^,  which  is  defined  3  >  the 
thrust  obtained  when  the  propellant  mass  flow  rate  m  is  unity: 


The  total  impulse,  I,  is  the  integral  of  thrust,  F,  over  the  burning  time,  t.  It  can  also  be  defined  as 
a  function  of  specific  impulse. 


I  =  /0'Fdt  =  yo'Iiprndl  (IV. 2) 

For  constant  thrust  or  constant  specific  impulse  the  relationships  can  be  simplified  to 


1  =  Ft  (IV.3) 

In  applying  the  principle  of  momentum  to  a  rocket  motor  in  which  a  pressurized  gas  is  expanded 
through  a  nozzle  into  a  lower  ambient  pressure,  the  resultant  thrust  is  the  sum  of  the  momentum  thnisi 
and  the  pressure,  thrust: 


F  =  ik  +  (PC-P0)  Ac  (IV. 4) 

The  momentum  thrust  results  from  ihe  increase  in  momentum  of  the  exhaust  gases  during 
expansion  through  the  throat  and  is  primarily  determined  by  the  propellant  composition.  This  element 
is  the  principal  component  of  the  total  thrust,  thus  it  is  clear  thal  a  high  exhaust  velocity  is  always 
required  if  maximum  thrust  is  to  be  produced  with  a  given  mass  flow  of  propellant.  The  pressure 
thrust,  (Pe  -  PqIA^.  results  from  the  summation  of  pressure  forces  acting  at  the  nozzle  exil  plane 
(subscript  e)  and  is  determined  by  the  nozzle  design.  At  high  altitudes  this  pressure  thrust  term 
increases  as  die  ambient  pressure,  P0,  decreases,  so  that  the  maximum  value  is  reached  in  a  vacuum. 

When  the  exhaust  pressure,  Pc0,  is  equal  to  the  ambient  pressure,  P0,  the  thrust,  F,  is  given  by 
equation  (1V.1). 

This  condition  gives  maximum  thrust  for  a  given  propellant  and  chamber  pressure.  The  nozzle 
design  which  permits  the  expansion  of  the  propellant  products  to  the  pressure  that  is  exactly  equal  to 
the  ambient  pressure,  is  referred  lo  as  the  rocket  nozzle  with  optimum  expansion  ratio. 

In  nozzle  design  many  parameters  must  be  considered  including  chamber  and  atmospheric 
pressure,  y,  (the  ratio  of  specific  heat  at  constant  pressure  to  that  at  constant  volume)  and  the  nozzle 
expansion  ratio.  In  practice  these  are  combined  into  one  simple  basic  equation  called  the  ideal  thrust 
equation: 


F  =  CfPcAt  (IV.?) 

where  Cf  is  called  the  thrust  efficient,  Pc  the  chamber  pressure,  and  A,  die  throat  area.  Because  Cf  is  a 
function  of  chamber  pressure,  the  thrust  is  not  quite  proportional  lo  Pt.  However  it  is  directly 
proportional  to  the  throat  area.  The  thrust  coefficient  determines  the  amplification  of  thrust  due  to  the 
gas  expansion  in  the  rocket  nozzle  as  compared  to  the  thrust  that  would  be  exerted  it  the  chamber 
pressure  acted  over  the  throat  area  only. 


By  combining  equations  (TV.1)  and  (IV.5)  we.  get 

tit  =  CjPjAi  (IV.  6) 

and  thus  it  can  be  seen  that  increasing  Cf  amplifies  not  only  the  thrust  (Equation  (A'. 5))  but  also  gas 
velocity  (Equation  (IV .6)). 

The  characteristic  exhaust  velocity  C*  has  frequently  been  used  in  rocket  literature.  It  is  defined  as 

C*  =  C/Q  (IV.7) 

and  can  be  expressed  as  a  function  of  the  gas  properties  in  the  combustion  chamber.  Using  equations 
(IV. 7).  (IV. 1).  and  (IV. 5) 


C*  = 


C 

<1 


F 

mC  | 


(IV. 8) 


or 


C* 


PA 

m 


(IV. 91 


C*  is  a  figure  of  merit  of  the  propellant  combination  and  combustion  chamber  design  ar.d  is  essentially 
independent  of  nozzle  characteristics.  It  can  be  considered  as  a  gas  generation  parameter  for  a  given 
motor  configuration. 

In  a  rocket  motor  the  chamber  pressure  and  burning  rate  have  definite  steady-state  values.  This 
arises  because  there  are  two  independent  relationships  between  chamber  pressure  and  burning  rate 

One  is  characteristic  of  the  propellant  only  and  can  sometimes  be  expressed  by  a  simple  power  law 
such  as  Rgjjpji  where  n  is  know  n  as  the  pressure  exponent  (Figure  IV. 4  Curve  A).  With  other  propel¬ 
lants  a  more  complex  function  is  found,  exhibiting  a  plateau  in  the  burning  rate  versus  pressure  curve. 


The  mass  rate  of  gas  generation  is  given  by 


m=RBSp  (IV.  10) 

where  Rq  is  the  linear  burning  rate,  S  the  burning  surface  area,  and  p  the  density. 

The  mass  flow  rate  of  gas  from  die  nozzle  is  given  by 

m=Pc\,C(  UV.ll) 
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(when;  Q  is  the  discharge  coefficient).  At  equilibrium  the  mass  rate  of  gas  production  and  discharge 
are  equal  and  this  gives  the  chamber  pressure, Iniming  rate  relationship  as  determined  by  the  nozzle 
and  charge  configurations: 


RBSr  =  PcA(Cj 


(IV.  12) 


Pc  Sr 
Rb  AtCd 

from  which  it  is  evident  that  chamber  pressure  is  influenced  by  both  geometric  properties  (S  and  A() 
and  propellant  characteristics  (Rg  and  p).  Because  of  the  critical  importance  of  burning  surface  and 
nozzle  throat  area,  frequent  use  is  made  of  their  ratio  defined  as  the  restriction  ratio  Kn  given  by 


Thus  equation  (IV.  12)  becomes 


This  relates  the  chamber  pressure  to  burning  rale  as  a  function  of  nczzle  and  charge  configuration  and 
is  represented  by  the  straight  line,  B  on  Figure  2. 1 .  The  intersection  of  lines  A  and  B  gives  the 
steady-state  values  for  chamber  pressure  and  burning  rate. 

The  symbols  used  are  listed  below: 


Ac 

Nozzle  exit  area 

L2 

A, 

Nozzle  throat  area 

L2 

C 

Effective  exhaust  velocity 

LT1 

C* 

Characteristic  exhaust  velocity 

LT1 

Cd 

Discharge  coefficient 

L-'T 

Cf 

Thrust  coefficient 

Dimensionless 

F 

Thrust  force 

MLT2 

1 

Impulse 

MLT> 

Isp 

Specific  Impulse 

MLT-2 

Kn 

Restriction  ratio 

Dimensionless 

m 

Mass  flow  rate 

MT-> 

Pc 

Chamber  pressure 

ML-’T-2 

Pc 

Gas  pressure  at  nozzle  exit 

ML-)T2 

Po 

Ambient  pressure 

ML-JT'2 

Rb 

Burning  rate  of  propellant 

LT1 

s 

Burning  surface  area  of  charge 

L2 

t 

Burning  time 

T 

y 

Ratio  of  specific  heat  at  constant  pres¬ 
sure  to  specific  heat  at  constant  volume 

Dimens’onless 

p 

Propellant  density 

ML'3 
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